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ANTIPODAL SPECIFICITY IN THE INHIBITION OF GROWTH 
OF ESCHERICHIA COLI BY AMINO ACIDS* 


By YUTAKA KOBAYASHI, MARGUERITE FLING,{ ann SIDNEY W. FOX 
(From the Chemistry Department, Iowa State College, Ames) 


(Received for publication, November 28, 1947) 


The inhibitory action of p-leucine, D-valine, and DL-valine upon the growth 
of Lactobacillus arabinosus has been demonstrated experimentally (1, 2). 
Such studies are of interest in cellular chemistry. The specificities observed 
are related theoretically to those found in the substrates of proteases (3, 4). 
The information obtained is also pertinent to experiments on the retardation 
of growth of laboratory animals by nutritional amino acid mixtures (5) and 
to knowledge of the factors influencing microbiological assay (6). Data of 
this type may furthermore help to form a picture of the essential structures 
and modes of action of such antibiotics as gramicidin, tyrocidine, and 
penicillin (1, 2, 7). 

The study of bacterial inhibition by p-amino acids has now been extended 
to other species in order to determine whether or not the effect may be a 
special or general one. The effects on Escherichia coli reported here for 
p-valine and p-leucine are similar to those found with Lactobacillus arabi- 
nosus. A pattern of inhibition of the same sort has been observed for 
Staphylococcus aureus also. In the case of Staphylococcus aureus, however, 
the inhibitions were not consistently observed, although the majority of 
tests showed inhibition. The nature of this variation is receiving further 
investigation. 

The influences of amino acids on Escherichia coli have corresponded 
closely to the specificity of amino acid residues in substrates of proteases (3). 
These results differ qualitatively from those observed on Lactobacillus 
arabinosus in the case of D-alanine only. Attempts to clarify the knowledge 
of the particular function of D-alanine in these organisms were therefore 
made; data on the competitive behavior of p-alanine are presented below. 
The effect of p-alanine which has been studied concerns its ability to 
counteract the inhibition of bacterial growth by glycine. This relationship 
had previously been observed in Streptococcus lactis by Snell and Guirard (8) 


* Journal Paper No. J-1500 of the Iowa Agricultural Experiment Station, Project 
897, in cooperation with the Veterinary Research Institute. This work is supported 
in part by the Industrial Science Research Institute of Iowa State College. 

Some phases of this paper were presented before the American Society of Biological 
Chemists, May, 1947, at Chicago. 

+ Present address, William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena. 
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Materials and Methods 


Amino Acids—The preparation of the six optical forms of alanine, valine, 
and leucine has been described (1, 2). The purification of benzoylalanine 
employed in the resolution of alanine was facilitated by washing out the 
contaminating benzoic acid with hot carbon tetrachloride, as for hippuric 
acid (9), instead of with ligroin (10). The glycine used was Merck’s amino- 
acetic acid. 

Growth of Microorganisms—The growth of Lactobacillus arabinosus 17-5 
was estimated by titration of acid produced (1). 

The growth of Escherichia coli was measured turbidimetrically. Stock 
cultures of Escherichia coli were maintained in the refrigerator by monthly 
transfer to nutrient agar slants (11). The identity of the organism was 
checked after completion of the experiments (12). Transfers for inhibition 
tests were made to tubes of nutrient broth (13) and incubated for 24 hours 
at 37°, centrifuged, washed with physiological saline solution, and resus- 
pended in 10 ml. of saline solution. 

The amino acids were included in tubes in 0.50 ml. of aqueous solution, 
and 0.50 ml. of nutrient broth was added to each tube. These tubes were 
sterilized for 15 minutes at 15 pounds steam pressure, allowed to cool, and 
inoculated with 1 drop of the shaken suspension. They were then incu- 
bated for 24 hours at 37°, treated with 9.0 ml. of water each, shaken thor- 
oughly, and read in a Coleman model 11 spectrophotometer with Filter 
PC-4 at 450 mu. 

Standard dilution curves were determined for each experiment in order to 
evaluate variations in the rate of growth of the control. These standard 
curves were prepared by dilution of the incubated control tubes with ap- 
propriate amounts of nutrient broth solution which had been diluted to 
one-twentieth of its original concentration. The spectrophotometer scale 
was set at 100 per cent transmission with this latter solution. 

For the experimental tubes, the galvanometer readings were converted to 
a calculated value, growth ratio, in order to furnish a basis of comparison 
between sets of experiments. The growth ratio was determined by reading 
from the corresponding standard dilution curve the per cent of maximum 
growth (in absence of inhibitors) to which the observed turbidity cor- 
responded. 


EXPERIMENTAL 


In Fig. 1 is presented a typical standard curve for the relationship of 
galvanometer readings and successive dilutions of a control culture of 
Escherichia coli. 

In Fig. 2 is presented a typical series of curves illustrating the growth 
ratios of Escherichia coli in the presence of glycine, p-alanine, D-valine, and 
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Fic. 1. Graph of galvanometer readings and successive dilutions of a control 
culture of Escherichia coli. 
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GROWTH RATIO 


Fic. 2. Effects of varying amounts of p-leucine, p-valine, p-alanine, and glycine 
on the growth of Escherichia coli. The growth ratio was determined by reading from 
‘the corresponding standard dilution curve the per cent of maximum growth (in 
absence of inhibitors) to which the observed turbidity corresponded. 


p-leucine. In all cases the inhibition by D-amino acids on an equimolar 
basis was in the order p-leucine > D-valine > p-alanine. In no case were 
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the L forms inhibitory in the range studied. Glycine was more inhibitory 
than p-alanine. 

An evaluation of the variation in extent of inhibition may be obtained 
from the results presented in Table I, at a common value of 0.050 m of the 
added p-valine or p-leucine. These results were obtained in a graphically 
sensitive region of concentration; at 0.100 m all p-valine and p-leucine tubes 


TABLE I 
Inhibition of Escherichia coli by v-Valine and v-Leucine at 0.050 m Concentration 





Growth ratio 
Experiment No. 




















p-Valine p-Leucine a 
per cent per cent oa 
4 33 21 
5 49 37 
6 43 30 
7 33 14 
TABLE II 


Effect of Pyridoxine and Alanine on Inhibition of Lactobacillus arabinosus Caused 
by Glycine, p-Valine, and v-Leucine 














Addition to basal medium (2.50 ml.) in tube Average, 0.100 N acid produced 

ml. 
ER i tt tat ais Sos ha cates, Se eee side oa ac eM 2.39 + 0.02 
I ge bas. 4 tay don etal gradi Ks aad < nian 4 See 2.18 + 0.01 
ou ** En re Pete ee ee at ae 1.48 + 0.06 
ie Se) SEEN HONE TOMES os es oss cc cs ca a Sew cans 2.56 + 0.05 
ea ae << doe 1 int 2.69 + 0.04 
a = St ONG APIO REI oo. cecal ca eae 2.35 + 0.03 
Pi NR 2 ina Stioincteeart wow stats oak be 5a oae' 1.17 + 0.07 
30 “ ‘¢ + 30 mg. L-alanine............ a ae 1.25 + 0.02 
aU. re = OO FNS, BYTINOKING. .. . 5.6655 Shc nana’ 1.40 + 0.01 
30 ‘ p-valine + 30 mg. L-alanine...................... 1.30 + 


0.10 








were visually clear. The set of four experiments in Table I was preceded 
by three experiments which showed the same trends but which lacked 
sufficient points in the curves for interpolation to 0.050 m. 

The effect of glycine upon the growth of Lactobacillus arabinosus, in com- 
bination with other substances, is illustrated in the data in Table II. 
Table II shows that the inhibition caused by glycine is reversed by either 
p-alanine or L-alanine, or by pyridoxine. It may be noted that p- and L- 
alanine were equally effective. The inhibition caused by p-leucine is, how- 
ever, not reversed by either L-alanine or pyridoxine. The same lack of 
reversibility is found for the inhibition by p-valine. 
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In Table III are presented the effects of some of these same substances on 
Escherichia coli. For this species D-alanine is inhibitory, and the inhibition 
by glycine is not reversed by L-alanine, D-alanine, or pyridoxine. 


TaBLeE III 


Effect of Pyridoxine and Alanine on Inhibition of Escherichia coli Caused by Glycine 
All results were observed in duplicate. 














Addition to basal medium in tube Effect 

ais: bea cn kd ¢ <b Mas ugk ea A sd a Normal visible growth 
De MIVOING: os Se kes cr oe Re eee | No visible growth 
2) SRlaamMe a Bae See a ” se 

Pert Te) 504.535. eek ERR: Hie Normal visible growth 
25 ‘* glycine + 25 mg.p-alanine........... No visible growth 

+ es FS +25 * s-alanine........... ze ” ss 

oo vA + 0.5 mg. pyridoxine......... 7 bi Ny 

DISCUSSION 


The inhibitory action of some of the p-amino acids upon bacterial growth 
is an effect which is not limited to the first species studied, 7.e., Lactobacillus 
arabinosus. At least two other species of bacteria are so affected, and pre- 
liminary evidence exists for retardation of growth of laboratory animals by 
high levels of D-amino acids. The concentrations of pD-amino acids which 
are necessary for inhibiting bacterial growth are higher than those usually 
employed for practical use of other antibacterials. On the other hand the 
relatively low mammalian toxicity of some D-amino acids (14, 15) does not 
warrant preclusion of investigation of such properties. The conceivable 
long term detrimental effects which might result from certain D-amino 
acids, when present in solutions employed in large amounts clinically, re- 
quire further study. Of related interest is an investigation of the effects of 
p-amino acids and derivatives upon neoplasms.! 

The antipodal specificity found for the amino acids in the present studies 
makes it desirable to consider that some of the bacterial inhibitions which 
have been reported for pL-amino acids (16, 17) may have been due to the 
pDisomer. On the other hand, in some cases the activity of the racemate is 
not the average of the activities of the optical isomers. p1-Valine, for 
instance, had almost the same activity against Lactobacillus arabinosus as 
had p-valine (2). Analogous behavior has been reported for substrates of 
proteases (18, 19), but more recent results (20) are at variance with one of 
these reports (19). Inthe other case (18), chymotrypsin failed to hydrolyze 
benzoyl-pL-tyrosylglycylamide, although it hydrolyzed the L isomer. The 
explanation which has been offered is that the racemate in solution repre- 


1 Fox, S. W., and Wax, H., unpublished experiments. 
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sents a third substance with distinct properties. The distinct nature of 
such properties is well illustrated in the solubilities of the various forms of 
amino acids (21) and in the values for the heats of combustion of pt-leucine 
as compared to that of either p-leucine or L-leucine (22). With the added 
fact that L-amino acids possess inhibitory activity in some experiments (23), 
it appears that conclusions in bacterial experiments can be drawn most 
safely in comparisons between t and p forms rather than between L and 
DL molecules. 

A similarity in type of inhibition of growth of bacteria by p-amino acids 
to their effects as substrate residues for proteases has been cited for the 
belief that p-amino acids may interfere quite directly with the action of 
“proteosynthetic” enzymes (2). This analogy was based upon the non- 
hydrolyzability of peptide substrates on one hand (3) and on effects of added 
unsubstituted D-amino acids (2) on the other. It is therefore of interest 
that Abderhalden and Abderhalden (4) found that added p-leucine itself 
greatly decreases the hydrolytic activity of peptidases from a variety of 
sources. If one accepts the concept that a proteolytic enzyme catalyzes 
the same reaction in both directions, the accumulated observations sub- 
stantiate the interpretation that the p-amino acids studied hinder bacterial 
growth by interfering with proteolytic (= proteosynthetic) enzymes. 

The correspondence of the bacterial effects and the substrate effects was 
close enough to suggest originally such a conclusion (2) for Lactobacillus 
arabinosus. This correspondence held for both isomers of valine, both 
isomers of leucine, and for L-alanine, but not for p-alanine. In the case of 
Escherichia coli, the correspondence holds for all six forms, since p-alanine 
is inhibitory to this species. On such a basis, the effect of p-alanine on 
L. arabinosus is anomalous. A clue to such behavior is found in the ability 
of alanine, especially p-alanine, to reverse the inhibition by glycine. The 
effect was observed in Streptococcus faecalis R by Snell (24) and such be- 
havior has also been found here to hold for L. arabinosus. Snell suggested 
that p-alanine functioned as an intermediate in an inefficient conversion to 
pyridoxine. Perhaps the important points in the present study are that LZ. 
coli, which is inhibited by p-alanine, cannot use it in the same way as L. 
arabinosus does (Tables II and III), and that the pattern of inhibition by 
monoaminomonocarboxylic acids for E. coli bears such a close analogy to 
the effects with peptidase substrates. 

Besides the parallelism in the enzymic and bacterial effects of alanine, 
valine, and leucine, analogous behavior is also seen with glycine. Glycine 
is found to be inhibitory for the two species of organisms reported here and 
for others reported previously (8, 25). The glycine residue also exhibits 
the property of interference with hydrolysis by enzymes (3, 26) as exempli- 
fied by “sluggish” peptidolysis of glycylglycine. 
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--The relationship of the p-amino acids to antibiotic p-amino acid deriva- 
tives is receiving further attention. The D-amino acid residue has been 
shown to be one of a number of critical structural features for penicillin 
through comparison of the activity with the L isomer (27). The corre- 
sponding investigation for gramicidin, requiring the preparation of a 
gramicidin type molecule containing only t residues is not readily feasible 
by present synthetic methods. A number of molecules in which the p- 
amino acid residue is repeated do not, however, have high antibacterial ac- 
tivity.2 If the p-amino acid residue is generally critical for antibiotics of 
the penicillin and gramicidin classes, other structural features must be con- 
currently critical. 


SUMMARY 


The growth of Escherichia coli, like that of Lactobacillus arabinosus, is 
inhibited by added p-amino acids, at levels at which the L forms do not 
exhibit such an effect. p-Alanine, which is not inhibitory for Lactobacillus 
arabinosus, slows the growth of E. coli to a lesser extent than do p-valine or 
p-leucine. These effects of amino acids on £. coli correspond closely to 
those observed by others for the hydrolyzability of peptides, constructed 
from these same amino acids, when subjected to the action of peptidases. 

High levels of added glycine inhibit both Lactobacillus arabinosus and 
Escherichia coli. In the case of the former species, this inhibition is coun- 
teracted by added p-alanine or pyridoxine, whereas such addition to the 
culture medium of Escherichia coli fails to counteract these effects. 

The theoretical implications of the results reported are discussed. 
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While salicylates are among the most frequently prescribed drugs, meth- 
ods for their determination in blood have been neither sufficiently sensitive 
nor precise. Brodie, Udenfriend, and Coburn (1) have devised a procedure 
suitable for the clinical measurement of blood salicylate levels if large doses 
are given. In their method the salicylate is extracted from acidified plasma 
with ethylene dichloride. A portion of the ethylene dichloride is removed 
and shaken with an aqueous ferric nitrate solution to produce a colored iron 
complex. Coburn (2) advises the use of quantities of plasma larger than 1 
ml. if the salicyl ‘‘radical’’ is less than 100 y per ml. Peters (3, 4) has drawn 
attention to the low sensitivity of the method. Volterra and Jacobs (5) 
applied the xanthoproteic reaction to trichloroacetic acid filtrates for the 
determination of salicylates. However, their serum blanks in normal sub- 
jects were relatively large, corresponding to 3 mg. per cent. 

In the method to be presented a simple physical phenomenon, the bluish 
violet fluorescence of the salicylate ion on exposure to ultraviolet light, will 
be used for its measurement. Under suitable conditions a high degree of 
specificity and sensitivity can be attained. 

Principle—Salicylates are quantitatively separated from proteins by pre- 
cipitation of the latter with a dilute tungstic acid reagent. Strong alkali 
is added to increase the fluorescence of the salicylate ion about 9-fold. The 
blank fluorescence of plasma without salicylate is negligible. The fluores- 
cence is measured directly in a fluorophotometer with the same filters as in 
the vitamin B, determination. 

Reagents— 

1. Standard salicylate solution (equivalent to 100 mg. of salicylic acid per 
100 ml.). 116 mg. of sodium salicylate are dissolved in exactly 100 ml. of 
water. Working standards are prepared by dilution with water. Store in 
the refrigerator. 

2. 19 per cent HCl. 

3. Ethylene dichloride. Do not pipette. 

4. 40 per cent NaOH. 
5 


. Dilute tungstic acid reagent. _ 10 per cent sodium tungstate, 1 volume, 


Assisted by a fellowship from the Emanuel Libman Fellowship Fund. 
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mixed with 8 volumes of n/12 sulfuric acid. This solution must be pre- | tain 
pared fresh every 2 weeks. as 1 
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Fig. 1. Standard curve of salicylate fluorescence. Salicylate added to reagent 
blank mixture. 








Procedure 1; Clinical Method Ms 

: To 1 ml. of oxalated or citrated plasma (not hemolytic) in a test-tube, add e} 
slowly, with shaking, 9 ml. of tungstic acid reagent. After 10 minutes filter. fl 
Pipette 5 ml. of filtrate into another test-tube and add 7 ml. of 40 per cent a 
NaOH. Mix. The reagent blank reference solution contains 5 ml. of tung- a! 
stic acid and 7 ml. of NaOH. Place the solutions in a fluorophotometer ti 


for measurement within 30 minutes after adding the alkali. 
Fluorophotometric measurement was performed with an instrument con- ) 
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taining a balance photocell and bridge circuit (Lumetron'). The same filters 
as in the vitamin B, determination are used (maximum transmission of 
primary 3700 A, of secondary 4600 A). The sensitivity of the galvanometer 
(Rubicon Company) was 0.0025 milliampere per millimeter. The standard 
(1 ml. of the standard salicylate solution plus 11 ml. of water) is set at a slide 
wire reading of 30. The reagent blank is set at 0 with the zero suppressor 
control. The entire 12 ml. are added to the sample holder (15 ml. capacity) 
for measurement. Slide wire readings are taken after a 2 minute exposure 
to the ultraviolet light. The values are then read off a standard curve 
and multiplied by 2 to correct for dilution. 

The standard reference curve for the clinical method (Fig. 1) is prepared 
by adding varying amounts of standard salicylate solution to the reagent 
blank mixture. With this procedure the blank reading of plasma without 
salicylate is of the order of 1 mg. per cent of salicylic acid. 


Procedure 2; Modification of Ethylene Method (1) 


To 1 ml. of plasma in a 50 ml. separatory funnel add 0.2 ml. of 19 per cent 
HCl and mix. After 10 minutes, 10 ml. of ethylene dichloride are added 
from a graduated cylinder and the separatory funnels are shaken for 3 min- 
utes. The lower layer is transferred to a glass-stoppered test-tube in 
which 5 ml. of 40 per cent NaOH had previously been placed. Shake for 1 
minute. Separate by centrifuging for 5 minutes at moderate speed. 
Plunge the pipette through the upper layer and draw off 4 ml. of the aqueous 
phase into a test-tube. Add 8 ml. of water, mix, and measure the fluores- 
cence as above. A reagent blank is run simultaneously. The standard 
curve is made by subjecting varying amounts of standard salicylate solu- 
tion to the same procedure. The blank on plasma not containing salicylate 
is zero. 


EXPERIMENTAL 


The fluorescence of salicylate varies with the pH of the medium. Sali- 
eylic acid in distilled water does not fluoresce, whereas sodium or lithium 
salicylate in distilled water exhibits a bright bluish violet fluorescence on 
exposure to ultraviolet light. When the salicylates were investigated as 
fluorescent pH indicators, it was recorded that the fluorescence appears at 
a pH of 2.5 (6) or 3.0 (7). A sensitive galvanometer can detect fluorescence 
at even lower pH values. In ultraviolet light a neutralized aqueous solu- 
tion of sulfosalicylic acid has the identical bluish violet fluorescence. Sali- 


1 Photovolt Corporation, New York. 
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cyluric acid? in distilled water does not fluoresce. If alkali is added to a 
salicyluric acid solution, the fluorescence appears at a pH of about 6.3. 
The following experiment shows the intensification of fluorescence by 
alkali. The same concentration of salicylate was used (1.16 mg. of sodium 
salicylate in 12 ml. of water). As the concentration of alkali was increased 
to 10 N, the fluorescence rose to twice the reading in distilled water with 
NH,OH and nine times when NaOH was used. In Fig. 2 the increase in 
fluorescence was plotted against concentration of NaOH on a semilog graph, 
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Fic. 2. Increase of fluorescence of salicylate with alkali 


With the increase in alkali concentration the fluorescence increased mark- 
edly, forming an S-shaped curve. 

In strong alkali the fluorescence of salicylate deteriorates slightly during 
continuous exposure to ultraviolet light. No decay of fluorescence was 
noted at high pH in the absence of ultraviolet light. Highly reproducible 
readings can be made if one exposes the solution to be examined to ultra- 
violet light for a definite period of time. 2 minutes of irradiation with 
ultraviolet light were found sufficient to allow for the decrease in fluores- 
cense of the plasma blank to a negligible quantity. 

The data in Table I indicate that varying quantities of sodium salicylate 


* Kindly supplied by Dr. Bernard B. Brodie, New York University College of 
Medicine, New York. 
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added to 1 ml. of plasma are recoverable with satisfactory precision. The 
values given are expressed as salicylic acid in accord with routine usage. 
By this method the drug content of the plasma was recovered with accuracy 
down to 2 mg. per cent of salicylic acid. 

Analyses run on plasma samples of salicylates over a period of a week 
gave highly reproducible results. It may be concluded, therefore, that the 
salicylate fluorescence is unchanged if the plasmais stored in the refrigerator. 


TABLE I 
Recovery of Sodium Salicylate Added to Plasma* 














Added Found | Added Found 
meg. j mg. mg. mg. 
0.02 | 0.02 0.30 0.29 

| 0.02 | 0.30 
0.02 | 0.30 
| 0.02 | 0.31 
0.05 0.04 0.31 
0.05 0.40 0.39 
0.05 | 0.39 
| 0.05 | 0.40 
0.10 0.10 | 0.40 
0.10 | 0.41 
0.10 0.50 | 0.49 
0.10 | 0.52 
0.11 0.53 
0.20 0.19 | | 
0.19 | 
0.20 | | 
0.20 | 
0.20 | 


* Values expressed as salicylic acid. 





DISCUSSION 


The fluorometric method is more sensitive than the colorimetric, quan- 
tities of salicylate as low as 1 to 2 mg. per cent being detectable. Such 
measurements are without significance if the plasma blank is not zero. In 
the ethylene dichloride procedure a zero plasma blank is obtained. The 
direct method on protein-free filtrates is applicable to measurement of low 
concentrations if the plasma blank determined prior to the administration 
of salicylate is known. In ordinary clinical usage with the latter procedure 
the plasma blank was found to be 1 mg. per cent or less. The latter method 
has the advantage of reference standards made up directly, whereas with 
the ethylene dichloride the extraction of standards is necessary. 

In urine the ‘‘salicyl” is present either as free salicylic acid or as some con- 
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jugated product (salicyluric acid or glucuronide (8)). By use of both eth- 
ylene dichloride and carbon tetrachloride methods, Brodie et al. (1) demon. — 
strated the absence of appreciable amounts of salicyluric acid in a series of | 
plasma samples from patients on sodium salicylate therapy. By the direct 
method presented in this communication total salicylate (both free and con- 
jugated) would be measured, whereas free salicylic acid alone is estimated 
by the ethylene methods. 
De 
SUMMARY ns 
Solutions of salicylate fluoresce a bright bluish violet under ultraviolet } Strep 
light. The fluorescence is intensified by addition of alkali. A simple pro- Furt! 
cedure for direct determination of salicylates in protein-free blood filtrates unid 
is described. The fluorescent method offers rapidity and greater sensitivity or gl 
than previous methods. The 
by B 
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STUDY OF A NEW STIMULATORY GROWTH FACTOR 


By LLOYD G. COLIO anp VIRGINIA BABB 
(From the Wyeth Institute of Applied Biochemistry, Philadelphia) 


(Received for publication, February 20, 1948) 


During the investigation of the folic acid content of natural substances, 
it was found that aqueous extracts of malt sprouts when assayed with 
Streptococcus lactis R yielded abnormally high values for this vitamin. 
Further studies proved that the effect is produced by a growth factor 
unidentifiable with any of the known vitamins, amino acids, strepogenin, 
or glutamine. It was stimulatory for S. lactis R and Lactobacillus casei. 
The presence of a growth factor for S. lactis R in malt sprouts was reported 
by Ruegamer e/ al. (1). Unlike the S. lactis R factor of Keresztesy, Rickes, 
and Stokes (2) the malt sprout factor appears to be equally effective for S. 
lactis R and Lactobacillus caset. 

The malt sprout factor is not essential for the growth of these organisms 
even for short periods of incubation except when very small inocula are 
used. On the other hand, heavier growth results on addition of malt 
sprout factor with the usual inoculum regardiess of whether strepogenin, 
excess amino acids, or excess vitamins are present in the media used in the 
investigation. 


EXPERIMENTAL 


Preparation of Extracts—20 gm. of dried malt sprouts' are extracted with 
200 ml. of distilled water in a Waring blendor for 10 minutes. The extract 
is filtered through paper and some fine suspended matter is separated by 
centrifuging at high speed. The supernatant contains the malt sprout 
factor and may be stored in the refrigerator for months without loss of 
activity. 

Method of Assay with Streptococcus lactis R—Varying volumes of the 
extract are placed in a series of ten tubes and distilled water added to a 
final volume of 5 ml. To each tube are added 5 ml. of the broth described 
in Table I. The tubes are shaken and autoclaved 5 minutes at 120°. After 
cooling, the tubes are inoculated with 1 drop of the suspension prepared as 
described below. The tubes are shaken and incubated at 30°. Appro- 
priate controls are included. After incubating 16 to 18 hours, the tur- 
bidity of each tube is read in the Klett-Summerson colorimeter with the 
red filter. Table II illustrates typical results obtained with malt sprout 


1 Supplied by Viteena Feed Mills, Inc., St. Louis. 
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factor extract when either enzyme digest of casein or acid-hydrolyzed | same’ 
casein was used as the amino acid source with the same basal medium. 20 hot 
CO) ml. of 
TABLE [| arr 
Composition of Media (Double Concentration) 
Vitamin - free acid - hy- | 1.0 gm. Adenine sulfate | 2 ~=mg. 
drolyzed casein or en- | Guanine hydrochloride | 2 " 
zyme digest of casein | Xanthine 2 ss 
K,HPO, a” A. Uracil | 2 af a 
Sodium citrate ou | Folic acid (Lederle) | 1 y | 
Glucose “o|* | Thiamine hydrochloride | 40 si { 
L-Cystine | 40 mg. | Riboflavin of a 
pL-Tryptophan | 40 ~ | Nicotinic acid 120 a 
Asparagine , a | Calcium pantothenate | 80 
pL-Alanine | 40 = | Pyridoxine hydrochloride , 240 | . 
Salt Solution B* | 1 mil. | p-Aminobenzoic acid | 2 vy No ac 
| Biotin 0.08 if 
| Glass-distilled water | 100 ml. Wilec 
| | Adjust pH to 6.8 | , 
Amin 





* Salt Solution B contains NaCl 0.5 gm., MgSO,-7H.O 10 gm., FeSO,-7H.0 0.5 
gm., MnSO,-2H;0 0.337 gm., glass-distilled water 250 ml. 


TABLE II 


Growth Response of Streptococcus lactis R to Increasing Vita 
Quantities of Malt Sprout Factor 
Se ee ee Eee ee ee ae — a z | 
Turbidity* 


| 
Malt sprout factor added per tube | Source of amino acids 

















| Addtutstired comin | Basgues dun - annals 7 Enz: 
mil. oa | tos 08 
0.005 77 | 147 | 
0.01 103 | 138 . 
0.03 151 | 162 * 
0.05 172 170 Sun 
0.08 192 | 195 ' 
0.10 198 210 i 
0.50 218 | 244 heii 
1.0 238 | 272 chi 
None 40 | 122 
* Turbidity measured on a Klett-Summerson colorimeter. Sui 
sus 
Preparation of Inoculum—Stock cultures of Streptococcus lactis R are ) 
carried in stabs made by adding 1.5 per cent agar to the broth in Table J, the 
diluted with an equal volume of water and containing 1 mg. of Wilson’s os} 
liver fraction L* for each 10 ml. Daily transfers are made to broth of the |  o& 


2 Liver fraction L produced by The Wilson Laboratories, Chicago. me 
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same composition with the liver fraction added. After incubating 18 to 
20 hours at 30°, the culture is centrifuged and washed three times with 10 
ml. of normal saline. After the third washing, the organisms are suspended 
and diluted with normal saline to give a reading of 30 to 35 in the Klett- 


TABLE III 


Growth Response Produced by Addition of Various Supplements to 
Media with and without Malt Sprout Factor 





Turbidity* 











Supplement added amen he Amino acid source 
per tube 
Acid-hydro- | Enzyme digest 
lyzed casein | of casein 
me. ml. | 
No addition made 0 0 60 | 122 
0 1.0 211 | 228 
Wilson liver fraction L 5.0 0 145 173 
5.0 | 1.0 222 238 
Amino acid mixturet 4.0 | 0 30 77 
4.0 | 1.0 205 236 
10.0 | 0 8 28 
10.0 | 1.0 170 142 
ml. 
Vitamin mixturet 10 | 0 61 117 
1.0 1.0 195 236 
2.5 0 49 68 
2.5 1.0 | 170 219 
mg. 
Enzyme digest of casein 100 0 110 141 
100 1.0 243 264 
200 0 109 138 
200 1.0 226 247 








* Inoculum = Streplococcus lactis R as described above. Turbidity read on Klett- 
Summerson colorimeter. 

+t Contains 2 mg. of each of all the known amino acids per ml. 

t The vitamin mixture contains thiamine hydrochloride 2 y, niacin 6 y, p-amino- 
benzoie acid 0.1 y, riboflavin 2 y, pyridoxine hydrochloride 12 y, pyridoxal hydro- 
chloride 6 y, biotin 0.004 7, calcium pantothenate 4 +. 


Summerson colorimeter. The final inoculum is prepared by diluting this 
suspension 1000 times with normal saline. 

Before any conclusion could be reached, it was necessary to eliminate 
the possibility that this stimulation might be due to strepogenin, amino 
acids, or vitamins. Two media were used for the study, having identical 
composition (Table I) with the exception of the amino acid source. One 
medium contained 50 mg. of enzyme digest of casein and the other 50 mg. 
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of acid-hydrolyzed casein per 10 ml. Supplements of the substances 
tested were made to both media. For the source of strepogenin Wilson’s 
liver fraction L and enzyme digest of casein were employed. A stock 
solution, of all the amino acids and one of all of the known vitamins were 
added, as indicated in Table III, in addition to the quantities already 
present in the medium. The results are summarized in Table III. The 
values obtained with the enzyme digest of casein are higher than those with 
acid-hydrolyzed casein, owing probably to strepogenin activity. In every 
instance, while the addition of supplements did not materially affect the 
growth response over that obtained in control tubes, the addition of 1 ml. 
of malt sprout factor produced a marked response. It is interesting to note 
that there is inhibition of growth with increasing amounts of vitamins or 
amino acids in crystalline pt form. No such reaction occurs when amino 
acids are increased as in the enzyme digest of casein. Even with this 
inhibitory effect malt sprout factor produces a pronounced growth stimu- 
lation. 














TABLE IV 
Heat Stability of Malt Sprout Factor; Klett Readings 
Malt sprout factor per tube | Autoclaved 5 minutes at 120° | Sintered glass filter 
Sebi: ms Pig ee Rare: ee De, ta eons = 
0.5 106 120 
1.0 | 170 | 168 
DISCUSSION 


Thus malt sprout factor appears to contain a factor, or factors, which 
elicits a growth response not obtained by any of the known growth factors 
listed in Table III. A cursory examination of other sources for this factor 
reveals that it is present in aqueous extracts of whole fresh liver, barley 
leaf meal, and fresh tomato juice. It is not present in pernicious anemia 
liver concentrates, whey, horse serum, or Wilson’s liver fraction L. 

Malt sprout factor is differentiated from the factor of Keresztesy, Rickes, 
and Stokes (2), since it appears to have approximately the same activity 
for Lactobacillus casei as it does for Streptococcus lactis. They also mention 
that folic acid can replace their factor for all bacteria which utilize the latter. 
Folic acid does not produce the response obtained with malt sprout factor. 
As demonstrated in Table IV, malt sprout factor is stable to autoclaving 
and, since it is not present in liver concentrates, it appears to differ from the 
factor discussed by Ruegamer et al. (1). Hall (3) reported the replacement 
of folic acid by histidine and its effect on Streptococcus lactis. Since the 
broth used in the present paper contained added histidine and gave no 
apparent response, malt sprout factor cannot be identified with it. 
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It is apparent that this factor can interfere with microbiological assays 
in which the incubation period is short. This discrepancy is most evident 
when large quantities of the material to be tested are used. The data on 
the effect of this factor over longer periods of incubation are not complete 
at this time. 

With work now in progress to purify this factor, or factors, it is hoped 
that a more thorough examination of the effect of this stimulation in micro- 
biological assays can be made. 


SUMMARY 


A stimulatory factor in malt sprouts effective for Lactobacillus caset and 
Streptococcus lactis R has been examined and found to differ from known 
vitamins, amino acids, strepogenin, and other growth factors. It is present 
in other natural substances and is heat-stable. 

The possible effect of this stimulatory factor in microbiological assays is 
discussed. 
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A NOTE ON THE APPLICATION OF THE COLORIMETRIC 
NINHYDRIN DETERMINATION TO STUDIES OF 
ENZYME KINETICS 


By GEORGE W. SCHWERT 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, March 1, 1948) 


Although the validity of the colorimetric determination of single amino 
acids with ninhydrin, described by Harding and MacLean (1), is unques- 
tioned, the failure of this determination for mixtures of amino acids, 
together with the observation that ninhydrin produces a color with ammo- 
nia (2) and with certain amines and amides (3), seems to have led to the 
neglect of this useful procedure. The discovery by Bergmann and his 
coworkers (4, 5) of simple synthetic substrates for proteolytic enzymes has 
provided a powerful tool for the study of enzyme kinetics, but the analytical 
methods commonly used have been the limiting factor, both in time and 
accuracy, in these studies. 

A determination of the absorption spectrum of the color developed with 
phenylalanine in the Harding-MacLean method with a Coleman junior 
spectrophotometer revealed a rather sharp maximum at 572 my. Nin- 
hydrin-pyridine-water blanks have a minimum absorption in this same 
region so that unchanged ninhydrin causes no interference with the deter- 
mination. Although the color developed by quantities of p-phenylalanine 
up to 10 micromoles was found to follow Beer’s law when transmissions 
were measured at 572 my, to date a suitable blank has not been found, with 
the result that the straight line relating per cent transmission on a semi- 
logarithmic scale to quantity of phenylalanine does not pass through the 
point corresponding to zero phenylalanine and 100 per cent transmission. 
The intersection of the calibration line with the 100 per cent transmission 
axis occurs at 0.3 micromole of phenylalanine. This value must be re- 
garded as the present lower limit of the method. 

Harding and MacLean (1) did not apply the method to quantities of 
amino acids greater than 3.6 micromoles, but it has been found that the 
quantities of reagents used by these workers are adequate for amounts of 
phenylalanine up to 5 micromoles. The determinations were extended to 
10 micromoles by simply doubling the quantities of reagents used; 7.e., by 
using 2 ml. of 10 per cent pyridine and 2 ml. of 2 per cent ninhydrin. A 
series of determinations indicated that quantities of phenylalanine between 
0.5 and 10 micromoles could be estimated with an error not greater than 
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0.06 micromole for the lowest concentration and 0.1 micromole for the 
highest concentration. 

Representative results obtained in following the hydrolysis of carbo- 
benzoxyglycyl-pL-phenylalanine (0.048 m with respect to the L form) by 
carboxypeptidase (4.03 X 10-‘ mg. of N per ml. of reaction solution) in the 
presence of 0.0025 m p-phenylalanine are shown in Table I! The enzy- 
matic reaction was run at 25° in 0.04 m phosphate buffer, pH 7.50, which 
was 0.1 M with respect to LiCl. The blank consisted of substrate and 
p-phenylalanine, the enzyme contributing no detectable color at this low 
concentration. The substrate alone at a concentration of 0.05 m gave 99 
per cent transmission.* 0.2 ml. samples were withdrawn at intervals and 


TABLE I 
Hydrolysis of Carbobenzoryglycyl-u-phenylalanine by Carborypeptidase 

















| | 

P 2 cape | Concentration | Per | Calculated 

Time Transmission | Pa. ee | Hydrolysis | ke | aaa 
re a a an 
min. per cent | yr age ; per cent | 10-3 sec“! | per cent 
22 79.8 6.8 14.2 7.01 | 14.2 
42 . 63.5 12.3 25.6 7.06 25.5 
62 52.7 | 16.8 35.0 6.98 35.1 
$2 43.5 | 21.5 | 44.8 7.24 43.5 
102 39.4 23.9 49.8 6.78 50.9 
123 33.9 27.5 57.3 6.94 | 57.6 
Mean...... | | 7.00 





* Apparent first order reaction constant. 
t Calculated from mean value of apparent first order reaction constant. 


the color developed was diluted to 100 ml. ‘Transmissions were read in 
10 X 75 mm. cuvettes. 

This method has been adopted for routine work in this laboratory and 
has been found to give results in good agreement with, but much more con- 
sistent than, those obtained by the ninhydrin determination of free amino 
acids in the Van Slyke manometric apparatus. The increased sensitivity 
of the colorimetric method is being utilized in a detailed study of the mech- 


1 The results presented here were obtained by Miss Elaine Elkins of this laboratory 
in the course of an investigation which will be fully reported in the near future. 

* This is true only for freshly prepared solutions of this substrate. Prolonged 
storage of the solution, even in the cold, causes sufficient spontaneous hydrolysis to 
produce an appreciable color with the present method (equivalent to up to 10 per 
cent absorption). This introduces a serious error in kinetic studies with carboxy- 
peptidase when carbobenzoxyglycyl-pL-phenylalanine is used as the substrate, since 
the p-phenylalanine formed by spontaneous hydrolysis may strongly inhibit enzy- 
matic activity (6). 
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anism of the hydrolysis of carbobenzoxyglycyl-L-phenylalanine by carboxy- 
peptidase. 


This work has been supported by grants from the Rockefeller Foundation, 
from the National Institute of Health, United States Public Health Service, 
and from the Duke University Research Council. 


SUMMARY 


The utility of the colorimetric amino acid determination of Harding and 
MacLean in studies of the reaction kinetics of proteolytic enzymes with 
synthetic peptides has been demonstrated. 
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OXIDATION OF INOSITOL BY ACETOBACTER SUBOXYDANS* 


By HERBERT E. CARTER, CAROL BELINSKEY,}{ R. K. CLARK, Jr., 
EDWIN H. FLYNN, BETTY LYTLE,}{ G. E. McCASLAND,§ anp 
MARY ROBBINS 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana) 


(Received for publication, March 6, 1948) 


Streptamine, a degradation product of streptomycin, has been established 
to be one of the eight possible meso forms of 1 ,3-diamino-2 ,4 ,5 ,6-tetrahy- 
droxycyclohexane (1-3). Consideration of possible synthetic approaches 
to such a molecule suggested that oxidation products of inositol might serve 
as useful intermediates. Two monoketo derivatives of inositol (inososes) 
have been prepared and their stereochemical configuration elucidated by 
Posternak (4-6). epi-Inosose (I) is obtained by the oxidation of inositol 
with nitric acid (7) and scyllo-inosose (II) by the action of Acetobacter sub- 


cy o> 


(I) (ID) 


epi-Inosose scyllo-Inosose 


oxydans on inositol! (5, 8). In addition to these two substances a crude 
“diketo inositol’ has been described in a series of papers by Dunning, Ful- 


* The authors wish to express their appreciation to the Abbott Laboratories, Eli 
Lilly and Company, Parke, Davis and Company, and The Upjohn Company for a 
generous grant in support of this work. The material presented in this paper was 
taken in part from theses submitted by Carol Belinskey and R. K. Clark, Jr., to the 
Graduate College of the University of Illinois in partial fulfilment of the requirements, 
respectively, for the degrees of Master of Science in Chemistry and Doctor of Philos- 
ophy in Chemistry. 

Part of the material in this paper was presented at the meeting of the Federation 
of American Societies for Experimental Biology at Chicago, May 19, 1947 (Federa- 
tion Proc., 6, 243 (1947)). 

+ Present address, Maryville College, St. Louis, Missouri. 

t Present address, Davenport, Iowa. 

§ Postdoctorate research assistant in Chemistry. 

1Two methods of nomenclature for the inososes were considered by Posternak 
(6). In one the inosose is named on the basis of the two inositols it yields on reduc- 
tion. Thus Compound I, which yields scyllitol and meso-inositol, is called scyllo- 
meso-inosose or scyllo-ms-inosose. Compound II is named dl-epi-meso-inosose or 
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mer, Pitcher, Underkofler, and Guymon (9-13). These workers obtained 
this substance (rather than scyllo-inosose) by the action of A. suborydans 
(American Type Culture Collection No. 621) on inositol. If the ketone 
groups in this diketo inositol are in the 1,3 position, it might afford 
promise as an intermediate in the synthesis of streptamine. We therefore 
undertook a study of the fermentation of inositol by A. suboxydans in the 
hope of obtaining the diketone. 

The fermentation of inositol was carried out on a 3 per cent inositol-0,] 
per cent sorbitol medium at 30° for a 14 day period with Acetobacter suboxy- 
dans 621 obtained from the American Type Culture Collection. Every 
effort was made to duplicate the conditions of Dunning (10) exactly in go 
far as this is possible in such experiments. The fermentation mixture was 
clarified with lead acetate, and excess lead was removed over an exchange 
resin column rather than with hydrogen sulfide. By this minor alteration 
the development of a brown color was avoided. The final product was ob- 
tained as a white crystalline solid which could be fractionated from water or 
aqueous methanol. The decomposition points of successive fractions usu- 
ally declined from about 198° to about 174°. (Pure scyllo-inosose melts 
with decomposition at 200-202° (5); diketo inositol melts in the range 
184-195° (13).) Since a pure compound was not obtained by extensive re- 
crystallization of these fractions, attention was turned to the possibility of 
effecting separation through various derivatives. The crude fractions were 
treated with phenylhydrazine under the conditions described by Posternak 
(5). A heavy red precipitate slowly formed at room temperature and in- 
creased in amount over a 2 day period. Extraction of the crude product 
with ether removed a red pigment. From the residue a yellow crystalline 
compound was separated by chromatography over an alumina column. 
This compound was characterized as an osazone’ by analyses and absorption 





dl-epi-ms-inosose, since it yields dl-epi-inositol and meso-inositol on reduction. In 
this case the term dl-epi-inosose is preferable to avoid the inconsistency of applying 
the term meso to a racemic form. Likewise Compound I is usually designated simply 
as scyllo-inosose. In the second system each configuration is represented by a 
fraction in which the position numbers of the hydroxyl groups lying ‘“‘above”’ the 
plane of the ring form the numerator and the numbers of those lying below the plane 


, " ; i 246 
form the denominator. Thus scyllo-inosose is named inosose-—— or for convenience 


inosose-(246/35). This system is applicable to all inositol derivatives whose con- 
figuration is known. The first method, employing trivial names, is less general and 
runs into obvious inconsistencies. However, since the terms epi- and scyllo-inosose 
have been established by usage, they will be employed in this paper. 

2 Posternak (7) prepared an osazone (m.p. 192-194°) from the hypobromite oxida- 
tion product of inositol. This may be identical with our osazone. Chargaff and 
Magasanik (14) recently reported an osazone (m.p. 213-214°) from the oxidation 
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spectrum. It was discovered subsequently that the crude phenylhydrazine 
reaction product contained both a phenylhydrazone and an osazone. The 
phenylhydrazone could be separated from the mixture by extraction with 
methanol. The residue yielded pure osazone on recrystallization from 
pyridine-water. 

The interpretation of these results is complicated by the observation that 
pure scyllo-inosose and inosose phenylhydrazone also yield the osazone on 
extended treatment with phenylhydrazine. Furthermore it was discovered 
that when the phenylhydrazine reaction mixture was cooled, stirred vigor- 
ously, and the walls of the flask scratched to induce rapid crystallization, 
the product consisted mainly of phenylhydrazone. In this way good yields 
of the phenylhydrazone of scyllo-inosose were obtained from each of the 
fractions. 

These data indicate that a considerable proportion of the osazone previ- 
ously obtained resulted from the oxidizing action of phenylhydrazine and 
that the major portion of the fermentation product consisted of scyllo- 
inosose. 

Three other strains of Acetobacter suboxydans,* strains NRRL-B-72, 
B-474, and B-487, were also studied under the conditions of Dunning (10). 
The first two gave results essentially identical with those obtained with the 
American Type Culture Collection No. 621. The third strain, B-487, me- 
tabolized inositol very slowly, and even after 10 to 12 days more than 50 
per cent remained unattacked. 

Since the possibility of oxidation by phenylhydrazine introduced a com- 
plicating factor, it was decided to prepare acetyl derivatives of the various 
fractions. For this purpose a large fermentation with strain B-474 was 
processed and the crude product separated into five fractions from water 
and aqueous methanol. Phenylhydrazones and acetyl derivatives were 
prepared. In addition each fraction was converted to the oxime. This 
derivative is obtained in good yield on treating pure scyllo-inosose with 
hydroxylamine at pH 13 to 14. The sodium salt of the oxime separates as 
a nicely crystalline product with a sharp decomposition point. The free 
oxime is more soluble and less stable than the sodium salt and is not a useful 
derivative. 

The results of this study are summarized in Table I. All the fractions 
gave the phenylhydrazone of scyllo-inosose in good yield. Fraction I, how- 





product of l-inositol by Acetobacter suborydans. The substance may be the / anti- 
pode of our dl-osazone. 

? The authors wish to express their appreciation to Dr. William C. Haynes of the 
Northern Regional Research Laboratory, Peoria, Illinois, who generously supplied 
the cultures of strains NRRL-B-72, B-474, and B-487. 
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ever, gave a gummy acetyl derivative which resisted all attempts at crystal- 
lization. Nevertheless, this fraction gave a good yield of phenylhydrazone, 
and reconversion of the latter to inosose gave a product which was readily 


converted to crystalline pentaacetyl-scyllo-inosose. The over-all yield in 


these steps was 70 per cent. All other fractions gave good yields of the 
pentaacetyl derivative directly. 

Variation of fermentation time was studied next. As a basis for this 
work the rate of disappearance of inositol in control flasks was determined 
by a yeast assay method. Somewhat to our surprise the oxidation of the 
inositol was complete in 3 to 4 days. (Previous workers employed 12 to 20 
day fermentation periods but did not determine the rate of disappearance 
of inositol.) Fermentation products were processed after various intervals 


TABLE I 


Derivatives from Fractions of Strain NRRL-B-474 Inositol Fermentation 
Product 


Yields are based on 1.0 gm. samples of each fraction. 





Pentaacetate Phenylhydrazone Oxime sodium salt 
Fraction No. and total weight | =: = Be Roast 338 
| Weight of | Yiela | Weight of Yield Weight of 














Product | | product | product | Yield 
gm. | per cent gm. | per cent gm. per cent 
I (17.23 gm.) See text | 1.08 72 0.90 | 74 
II (57.71 gm.) LL 2 ae 68 0.84 | 70 
III (6.7 gm.) | te). 2 0.98 | 65 0.94 78 
IV (4.00 gm.) 0.93 62 
V (3.75 gm.) 0.86 57 
Inosose (pure) a 75 





ranging from 4 to 14 days. A very high yield of crude inosose was obtained 
from the 4 day fermentation mixture. This material, without purification, 
gave excellent yields of pentaacetyl derivative and of phenylhydrazone. 
The products from longer fermentations generally gave slightly lower yields 
of the inosose derivatives. In the phenylhydrazine reaction more of the red 
pigment was produced. (Pure inosose gives only a slight amount of colored 
material.) Certain fractions failed to yield a crystalline pentaacety] deriva- 
tive until they had been purified through the phenylhydrazone. It seems 
likely that scyllo-inosose is first formed and then undergoes very slow further 
reaction on standing. In this connection it might be noted that inosose is 
slowly oxidized by air, especially at an alkaline pH (15). The nature of 
the contaminant in the older fermentation products has not been deter- 
mined. Kluyver et al. (15) have suggested that the oxidation of inositol 
by Acetobacter suboxydans may proceed through hexahydroxybenzene (enol 
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form of triketo inositol). We have no direct evidence for its presence in our 
fermentation mixtures, except for the suggestive observation that hexahy- 
droxybenzene gives a red pigment with phenylhydrazine. 

In order to obtain additional quantitative data on the fermentation, the 
oxygen uptake was determined manometrically on a series of flasks. At 
the end of 3 days oxygen consumption ceased (at this point only a trace of 
inositol remained) and the total uptake ranged from 0.52 to 0.57 mole of 
oxygen per mole of inositol. 

These data clearly show that under the conditions of our experiments the 
major portion of the inositol fermentation product is scyllo-inosose. All 
strains of Acetobacter suboxydans tested gave similar products and no evi- 
dence was obtained for the presence of an appreciable amount of diketo 
inositol in the fermentation mixtures. 


EXPERIMENTAL 


Fermentation of Inositol—Stock cultures of Acetobacter suboxydans 621 and 
strains NRRL-B-474, B-72, and B-487 were maintained on agar slants (1.5 
per cent agar, 0.5 per cent Difco yeast extract, 0.5 per cent sorbitol). The 
first two strains were used for most of our experiments. A sterile sorbitol 
medium (10 per cent sorbitol, 0.5 per cent Difco yeast extract) was inocu-. 
lated with stock culture and incubated for 3 days. A 10 ml. subculture was 
used to inoculate 200 ml. of unbuffered inositol medium (3 per cent anhy- 
drous meso-inositol, 0.1 per cent sorbitol, 0.5 per cent Difco yeast extract). 
The culture was incubated in a 2 liter Erlenmeyer flask at 30° for periods 
varying from 4 to 14 days. Later it was discovered that the oxidation pro- 
ceeded smoothly at room temperature (26-28°) and several large scale runs 
were made in 2 quart milk bottles (each containing 200 ml. of medium) 
stacked horizontally on the desk top. The progress of the fermentation 
was followed by microbiological assays for inositol. Strain NRRL-B-487 
oxidized inositol slowly and incompletely. Even after 10 days the medium 
assayed 19.6 mg. of inositol per ml. (original concentration, 30 mg. per ml.). 
The remaining three cultures oxidized inositol rapidly and exhibited no im- 
portant differences in their behavior. After 3 days each of these three fer- 
mentation mixtures assayed 0.5 to 1.0 mg. of inositol per ml. 

Microbiological Assay for Inositol—The pyridoxine assay method of 
Atkin et al. (16) was modified for use in assaying inositol. (Pyridoxine was 
supplied in the medium.) The test organism, Saccharomyces carlsbergensis 
(No. 26,803),* gave a reproducible growth curve at levels of 0 to 15 y of in- 
ositol per 10 ml. after incubation with shaking for 16 to 18 hours. Growth 


‘The culture of Saccharomyces carlsbergensis was kindly supplied by Dr. O. C. 
Bird of Parke, Davis and Company. 











420 OXIDATION OF INOSITOL 


was determined by measuring turbidity with an Evelyn colorimeter and the 
samples were calculated by reference to the standard curve. 

Isolation and Fractionation of Fermentation Product, Acetobacter suboxy- 
dans 621—The contents of ten 14 day fermentation flasks (American Type 
Culture Collection No. 621) were combined (2200 ml.) and treated with 16.5 
ml. (0.75 per cent by volume) of saturated lead acetate solution. The mix- 
ture was filtered with the aid of Filter-Cel and the filtrate was passed 
through a 4.5 X 16 em. Amberlite IR-100 column in the acid phase to re- 
move excess lead ions. The column was washed with 300 ml. of water. 
The lead-free solution was concentrated to a small volume under reduced 
pressure and the precipitate was removed by filtration, giving 46 gm. of 
material decomposing at 192-194°.6 An equal volume of alcohol was added 
to the filtrate, giving 7.5 gm. of material decomposing at 178-184°. The 
filtrate on concentration gave a dark gum which was discarded. 25 gm. of 
the first fraction were recrystallized from hot water and additional crops 
were precipitated from the filtrate by concentration and addition of metha- 
nol. The following fractions were obtained: Fraction A 2.75 gm. (decom- 
position 195-198°), Fraction B 14.7 gm. (decomposition 184-187°), Fraction 
C 3.5 gm. (decomposition 179-183°), Fraction D 1.6 gm. (decomposition 177- 
179°). Extensive fractionation was carried out on these products and on 
similar ones from other fermentations, with water, aqueous methanol, and 
aqueous ethanol as the solvents. None of these fractions appeared to be 
pure, although the results of later experiments indicated that all of them 
consisted to a very large extent of scyllo-inosose. 

Reaction of Crude Fermentation Product with Phenylhydrazine—13.5 gm. 
of Fraction B were dissolved in 360 ml. of water at 60° and the solution was 
filtered and cooled to room temperature. 18 ml. of redistilled phenylhydra- 
zine and 36 ml. of glacial acetic acid were added and the solution was 
allowed to stand at room temperature for 2 days. The dark precipitate 
was filtered and air-dried, giving 8.0 gm. of a dark brownish red product. 
The filtrate deposited more precipitate on standing and after 2 days a second 
crop of 3.4 gm. was removed. 10 ml. of phenylhydrazine and 20 ml. of gla- 
cial acetic acid were added to the filtrate and after 1 day 2.5 gm. of precipi- 
tate were obtained. The dried solids were extracted with ether which re- 
moved a dark red pigment. The ether-extracted residues from the three 
fractions were light tan solids weighing 5.8, 1.7, and 1.5 gm., respectively 
(total 9.0 gm.). 

In the purification of these and similar products chromatography was 
employed. Alumina was poured into the column as a slurry in methanol 
and washed thoroughly with methanol. The crude product was dissolved 


° The melting and decomposition points reported in this paper were determined 
on the Kéfler micro block unless otherwise specified. 
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in the minimum amount of pyridine and applied to the column, which was 
then developed with absolute methanol and pyridine-methanol. The latter 
solvent markedly increased the rate of development. A red band came 
through the column first, followed by a yellow band. A dark red pigment 
remained adsorbed at the top of the alumina column. The yellow band 
consisted of dl-scyllo-inosose osazone. 

The first two products above (5.8 gm. + 1.7 gm.) were dissolved in pyri- 
dine, applied to a 4.5 X 18 cm. alumina column, and developed with metha- 
nol and pyridine-methanol. The first 240 ml. of the percolate contained 
529 mg. of a red gummy solid which was almost entirely soluble in ether. 
The next five fractions (1900 ml.) were combined and concentrated, giving 
6.16 gm. of a yellow solid. This material was very soluble in pyridine; the 
addition of water or methanol caused crystallization of yellow needles de- 
composing at 198-200°. This material gave the correct analytical data for 
scyllo-inosose osazone and an ultraviolet absorption spectrum very similar 
to that of glucosazone. 


CisH2oN.O, (356.38). Calculated. C 60.66, H 5.66, N 15.71 
Found. ** 60.93, ‘* 5.67, “ 15.67 


Ultraviolet absorption maxima: scyllo-Inosose osazone, 59 = 19,800, 
és10 = 10,000, €90 = 16,200, glucosazone, é€255 = 18,100, €s100 = 10,000, 
€3860 = 20,000. 

Preparation of scyllo-Inosose Phenylhydrazone from Crude Fermentation 
Product—13 gm. of fermentation product similar to that used in the preced- 
ing section were dissolved in 360 ml. of hot water. The solution was cooled 
to room temperature and 18 ml. of phenylhydrazine and 36 ml. of glacial 
acetic acid were added. The flask was immediately chilled in an ice bath 
and the walls were scratched with a glass rod until precipitation of the 
phenylhydrazone occurred. After 30 minutes the red precipitate was fil- 
tered, dried, and washed with ether, giving 16 gm. of a pink crystalline 
phenylhydrazone melting with decomposition at 167—-169°. Recrystalliza- 
tion of this material from methanol gave 12.0 gm. (61 per cent yield) of 
colorless phenylhydrazone melting with decomposition at 176—177°. 
Posternak reported that scyllo-inosose phenylhydrazone decomposes at 184° 
when heated rapidly in a capillary tube. 

The filtrate from the phenylhydrazone deposited additional precipitate 
on standing. This yielded a small quantity of osazone on extraction with 
ether and recrystallization of the residue from pyridine-water or pyridine- 
methanol. 

Preparation of scyllo-Inosose from Phenylhydrazone—The conversion of 
phenylhydrazone to inosose was effected by a slight modification of the pro- 
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cedure of Posternak (5). 8 gm. of the phenylhydrazone were mixed with 
80 ml. of ethanol, 8 ml. of benzaldehyde, and 4 ml. of glacial acetic acid; 
then 400 ml. of boiling water were added. The mixture was refluxed for 15 
minutes and was then cooled and extracted with ether to remove the benz- 
aldehyde phenylhydrazone. The aqueous layer was concentrated to 50 
ml., and 50 ml. of methanol were added. After standing overnight in the 
ice box the crystalline precipitate was removed, washed with methanol, and 
air-dried, giving 4.7 gm. (88 per cent yield) of scyllo-inosose. The decom- 
position point of scyllo-inosose varies with the rate of heating. On a Kéfler 
block with rapid heating, melting with decomposition occurs at 199-202°, 
with slow heating at 194-196°. In either case browning occurs before the 
melting point is reached. Posternak reported that scyllo-inosose melted at 
205-208° when heated rapidly in a capillary tube (5). 

Preparation of Derivatives from Pure scyllo-Inosose. 1. Phenylhydrazone— 
The reaction of inosose or of the crude fermentation product with phenyl- 
hydrazine was carried out by a modification of the conditions of Posternak 
(5). 

1 gm. of pure scyllo-inosose was dissolved in 30 ml. of warm water. The 
solution was cooled to room temperature and 3.0 ml. of glacial acetic acid 
and 1.5 ml. of phenylhydrazine were added. The flask was cooled immedi- 
ately in an ice bath and vigorously scratched to hasten crystallization. 
After 30 minutes the pink precipitate was filtered, washed with cold water, 
and air-dried, giving 1.36 gm. of colored phenylhydrazone melting with 
decomposition at 175-177°. The material was washed with ether and re- 
crystallized from 40 ml. of hot methanol, giving 1.12 gm. of colorless needles 
(75 per cent yield) melting with decomposition at 176-177°. 

A second 1 gm. quantity of pure scyllo-inosose was treated as above, 
except that the flask was allowed to stand undisturbed for 2 days at room 
temperature. The precipitate was filtered and dried, giving 1.25 gm. of 
material. However, on recrystallization only a part of this material dis- 
solved in methanol and from the solution only 0.67 gm. (45 per cent yield) 
of phenylhydrazone was obtained. The residue (0.5 gm.) was a yellow 
solid which yielded 0.3 gm. of osazone on recrystallization from pyridine- 
water. 

The osazone is also obtained by treating the preformed phenylhydrazone 
with phenylhydrazine, although the reaction is slower (probably due to the 
low solubility of the phenylhydrazone). A suspension of 0.75 gm. of the 
phenylhydrazone in 15 ml. of water was treated with 0.75 ml. of phenylhy- 
drazine and 1.5 ml. of glacial acetic acid. After 3 days at 25° the deep red 
precipitate was filtered, air-dried, and extracted with ether, giving 0.35 gm. 
of tan solid. This was extracted successively with 13 ml. and 5 ml. portions 
of boiling methanol, leaving 0.17 gm. of residue which was recrystallized 
from 3 ml. of warm pyridine by adding 25 ml. of water. The precipitate 
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was filtered, giving 0.15 gm. of dl-scyllo-inosose osazone as yellow lustrous 
needles decomposing at 192-194°. A second recrystallization raised the 
decomposition point to 194-196°. 

2. Pentaacetyl-scyllo-inosose—The acetylation was accomplished by the 
acetic anhydride-sulfuric acid procedure of Posternak (5). 3 gm. of inosose 
were added to 36 ml. of 1:19 sulfuric acid-acetic anhydride mixture. The 
reaction mixture was warmed to 50° and allowed to stand at room tempera- 
ture for 2 hours, during which time crystals separated. The mixture was 
cooled in an ice bath and filtered. The precipitate was washed with glacial 
acetic acid and ether, giving 5.30 gm. (81 per cent yield) of pentaacetyl 
scyllo-inosose melting at 209-212°. Recrystallization of this material from 
glacial acetic acid containing a trace of sulfuric acid gave the pure derivative 
melting at 211-212°. We confirmed the observation of Posternak (5) that 
repeated recrystallization of the 212° melting product from glacial acetic 
acid alone gave a pentaacetyl derivative melting at 145-147°. This was 
readily reconverted to the 212° form. 

Treatment of scyllo-inosose or the pentaacetyl derivative with acetic an- 
hydride and sodium acetate caused aromatization to 1,2 ,3 ,5-tetraacetoxy- 
benzene, as described by Posternak (5). 

3. Sodium scyllo-Inosose Oximate—A solution of 15.6 gm. of hydroxylamine 
hydrochloride and 15.5 gm. of sodium hydroxide in 135 ml. of water was 
cooled to about 10°, and 26.7 gm. of scyllo-inosose were added with stirring. 
The oxime sodium salt crystallized in a few minutes. After 1 hour, the 
precipitate was filtered (m.p. 136-137°) and recrystallized by being dis- 
solved in 100 ml. of boiling water and 75 ml. of absolute ethanol added. On 
cooling there were obtained 29 gm. (90 per cent yield) of colorless prisms 
melting at 138-139° (capillary) with decomposition. 


CsHioNO¢Na (215.15). Calculated, N 6.51; found, N 6.60 


The free oxime was obtained by triturating the sodium salt with 125 ml. of 
glacial acetic acid. The viscous oil initially formed solidified to a colorless 
microcrystalline powder. This material was washed twice with absolute 
ethanol, giving the free oxime decomposing at about 140° (capillary). 
The oxime is very soluble in water and darkens on standing. 

Attempts to prepare the free oxime directly from inosose at a lower pH 
were not successful. The hexaacetyl derivative was prepared by treating 
the free oxime with 6 volumes of acetic anhydride containing a trace of 
sulfuric acid for 1 hour at 100°. The clear solution was cooled and poured 
into 30 ml. of water. The oil which separated soon crystallized, giving 
0.9 gm. of colorless needles. This material was recrystallized from abso- 
lute ethanol, giving pure hexaacetyl-scyllo-inosose oxime (m.p. 111-112°) 
(capillary). 
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CisHesNOi2 (445.37). Calculated. C 48.54, H 5.20, N 3.15 
Found. ** 48.65, ‘* 5.08, ** 3.22 

Fractionation and Characterization of Fermentation Product, Strain 
NRRL-B-474—Sixteen flasks (96 gm. of inositol) were inoculated with 
strain NRRL-B-474 and incubated at 30° for 14 days. The fermentation 
mixtures were combined and deproteinized with 28 ml. of saturated lead 
acetate solution. The suspension was filtered with the aid of Filter-Cel 
and excess lead was removed by passing the filtrate through an Amberlite 
IR-100 column in the acid phase. The column was washed with 300 ml. 
of water and the combined solutions were concentrated in vacuo to 190 
ml., causing crystals to separate. The mixture was warmed to 50-60° and 
filtered. The precipitate was washed with 80 ml. of hot water and air- 
dried, giving 17.2 gm. of material decomposing at 205° (Fraction I). The 
combined filtrate and washings were diluted with water to 320 ml., and 800 
ml. of methanol were added. After 20 hours at 5° the crystalline precipi- 
tate was collected, washed with methanol, and dried, giving 57.5 gm. of 
material decomposing at 192° (Fraction II). 800 ml. of methanol were 
added to the filtrate and the mixture was stored in the ice box overnight. 
The precipitate (Fraction III) weighed 6.7 gm. (decomposition 185°). 
The filtrate was concentrated to 35 ml. and cooled, giving 4.0 gm. (de- 
composition 185°) of material (Fraction IV). Addition of 950 ml. of 
methanol to this filtrate gave 3.8 gm. (decomposition 184°) (Fraction V). 
The total weight of recovered material was 89.2 gm., which represents a 93 
per cent yield calculated as inosose. 

In order to characterize the fractions the phenylhydrazone, oxime, and 
pentaacetyl derivatives were prepared from each under the conditions 
previously described. The results of this study are summarized in Table I. 

Fraction I did not yield a crystalline pentaacetyl derivative directly. 
To determine the maximum amount of impurity present, 2.0 gm. of Frac- 
tion I were converted to the phenylhydrazone (yield 2.65 gm., decomposi- 
tion 175-176°). From the phenylhydrazone 1.54 gm. of scyllo-inosose 
were obtained and this material gave 3.06 gm. of pentaacetyl-scyllo-inosose 
(m.p. 210-212°). The over-all yield of pure pentaacetyl derivative from 


Fraction I was 70 per cent. Since pure scyllo-inosose in a similar series of — 


reactions did not give an appreciably higher yield, it is obvious that the 
main component of Fraction I is scyllo-inosose. 

Manometric Study of Inositol Fermentation by Acetobacter suboxydans— 
2 liter Erlenmeyer flasks containing 200 ml. of inositol oxidation medium 
were sterilized and inoculated with Acetobacter suboxydans 621. The flasks 
were connected to manometers and a source of oxygen. A control flask, 
containing all of the materials present in the experimental flasks except 
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inositol, was also set up. The oxygen uptake in the flasks was determined 
at intervals and after every reading oxygen was admitted, so that the 
pressure never deviated greatly from atmospheric. The consumption of 
oxygen ceased after 72 hours (at this point only a trace of inositol remained 
in the experimental media) and the difference between the oxygen con- 
sumption of the experimental flasks and of the control flask amounted to 
0.52 to 0.57 mole of oxygen per mole of inositol. 

Preparation of scyllo-Inosose—An excellent yield of practically pure 
scyllo-inosose can be obtained directly from 4 to 5 day inositol fermenta- 
tions. The culture medium from six flasks (strain NRRL-B-474) was 
harvested and treated with 10 ml. of saturated lead acetate solution. The 
precipitate was filtered and excess lead was removed over an Amberlite 
IR-10¢ column (4 X 16 cm.). The column was washed with 200 ml. of 
water and the solution was concentrated to 175 ml., causing solid to sepa- 
rate. The addition of 175 ml. of methanol completed the crystallization. 
After 2 hours at 0°, the precipitate was filtered, washed with methanol, 
and air-dried, giving 31.4 gm. (87 per cent yield) of crude scyllo-inosose 
(decomposition 199-201°). This material may contain traces of impurity 
which can be removed by purification through the phenylhydrazone. 


SUMMARY 


The fermentation of inositol by Acetobacter suboxydans was investigated. 
scyllo-Inosose was obtained as the major product of the oxidation. No 
other substance was isolated in significant quantity, although various 
strains of Acetobacter suboxydans were employed and the fermentation time 
was varied. scyllo-Inosose was found to yield an osazone on prolonged 
treatment with phenylhydrazine. The sodium salt of the oxime of scyllo- 
inosose was prepared, and proved to be a convenient derivative for charac- 
terization purposes. 
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RADIOACTIVITY DISTRIBUTION IN THE TISSUES OF MICE 
BEARING MELANOSARCOMA AFTER ADMINISTRATION OF 
pit-TYROSINE LABELED WITH RADIOACTIVE CARBON* 
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(From the Radiation Laboratory, the Department of Chemistry, and the Division of 
Medical Physics, University of California, Berkeley) 
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It has long been recognized that radioactive isotopes furnish a means of 
irradiating deep seated neoplasms and metastases provided they can be ad- 
ministered in a form which will localize with a sufficient degree of selectivity 
in the neoplastic tissue. The availability of radiocarbon greatly expands 
the possibilities of this method for controlling cancer. The melanosarcoma 
suggests itself for localization experiments, since heavy formation of melanin 
usually characterizes this tumor (1) and gives a clue to the nature of com- 
pounds which might deposit in it with the necessary selectivity. Studies 
are in progress in this laboratory in which various precursors of melanin 
labeled with C are synthesized and their metabolism followed in normal 
mice and in mice bearing melanosarcoma. One such precursor, tyrosine (2), 
is the subject of this paper. As an exploratory experiment, pDL-radio- 
tyrosine has been administered to mice bearing melanosarcoma and the 
whole tissues have been assayed for radioactivity. The primary purpose is 
to assess the degree of promise which this approach offers to melanoma 
therapy, but the results will also have general biochemical interest. In 
particular, they contain information relative to the question of turnover of 
radioactive carbon in the body, a subject with which this laboratory is con- 
cerned in connection with a program of studying the health aspects of using 
radiocarbon, both in the laboratory and therapeutically. 


Synthesis of pu-Tyrosine Labeled with C in B Position 


The method used to synthesize radiotyrosine has been described in outline 
elsewhere (3). The details are given below. 

p-Anisic Acid—A solution of p-methoxyphenylmagnesium bromide was 
prepared under nitrogen from 9.3 gm. (0.050 mole) of p-bromoanisole and 
1.32 gm. (0.055 mole) of magnesium. The reaction was started under 
ether, then the bulk of the bromide was added over a period of 2 hours as a 
solution in 40 ml. of 50 per cent ether-benzene mixture. The reaction 


* This work was carried out under contracts No. W-7405-Eng-48 and Division II 
NDP48A (99930) between the Atomic Energy Commission and the University of 
California. 
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mixture was refluxed during the addition, then for 6 hours longer to com- 
plete the reaction, which was sluggish. At the end of this time, 50 ml. of 
ether and 50 ml. of benzene were added. This was necessary to dissolve the 
rather insoluble Grignard reagent. The concentration of the final solution, 
determined by titration, was 0.276 m. 

p-Anisic acid was prepared by carbonating 26 ml. (7.2 millimoles) of the 
Grignard reagent with carbon dioxide generated from 1.02 gm. (5.18 
millimoles) of radioactive barium carbonate by a technique described 
elsewhere (4). The purified acid weighed 0.64 gm., which is 81 per cent of 
the theoretical yield based on barium carbonate. 

p-Anisaldehyde—In a three-neck 30 ml. pear-shaped flask were placed 
0.64 gm. (4.2 millimoles) of p-anisic acid and 5 ml. of purified! thionyl chloride. 
The two side necks were plugged, a reflux condenser was inserted in the 
middle neck, and the mixture was refluxed 5 hours. The thionyl chloride 
was then removed in vacuo and the residue was dissolved in 7 ml. of dry 
c.p. xylene. To the solution were added 0.003 ml. of quinoline-sulfur 
poison (5) and 0.05 gm. of 5 per cent palladium-barium sulfate catalyst 2 
Rosenmund reduction of the acid chloride was then carried out by passing 


hydrogen through the mixture at reflux temperature. The hydrogen was | 


purified by passage through Fieser’s solution (6) and drierite and was ad- 
mitted to the reaction flask through a bent capillary which was inserted 
through one of the side necks and extended below the surface of the solution. 
Rising from the other side neck was a 20 cm. length of 11 mm. glass tubing, 
which served as an air condenser to hold back xylene. The upper 5 cm. 
was packed with drierite to exclude moisture. From the exit of this tube, 
the effluent gas was led through sodium hydroxide, in order that the hy- 
drogen chloride evolution could be followed. The solution was violently 
agitated by a sealed induction stirrer* attached at the center neck. Un- 
lubricated ground glass connections were used throughout. 

The reduction required 4 hours. The yield of aldehyde in a pilot run was 
determined to be 73 per cent, based on anisic acid, by preparing and weigh- 
ing the 2,4-dinitrophenylhydrazone. In the radioactive run the aldehyde 
was not isolated and its yield was not determined; the evolution of hydro- 
gen chloride was equivalent to 88 per cent of the anisic acid. 


1 By distillation from quinoline, then boiled linseed oil. 

2 Obtained from the American Platinum Works, Newark, New Jersey. 

’ This stirrer was constructed with Teflon bearings and the rotor was protected 
with plastic paint No. 4A (Interchemical Corporation, 1073 Howard Street, San 
Francisco) in order to eliminate the possibility of catalyst poisons being washed 
into the reaction mixture by condensed xylene. Actually little or no xylene found its 
way past the bearing into the upper part of the stirrer. 
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Anisalhydantoin—The aldehyde solution obtained in the reduction was 
centrifuged to remove the catalyst, transferred to a heavy wall, 14 X 100 
mm. Pyrex ignition tube, and the solvent was removed under a vacuum. 
To the residue were added 0.55 gm. of hydantoin, 0.7 ml. of dry diethyla- 
mine, and 1.2 ml. of dry pyridine. The tube was sealed and heated 72 
hours in steam. It was opened and the solvent was pumped off at room 
temperature, then pumping was continued for 1.5 hours at 100°. The 
residue was stirred with three 2 ml. portions of hot water, each portion 
being removed with a filter stick before the addition of the next. The 
yellow residue of anisalhydantoin weighed 0.60 gm. after drying at 90°. 
This is a yield of 93 per cent based on anisaldehyde, assuming the yield in 
the reduction was 73 per cent and is in agreement with values around 90 
per cent found in pilot experiments. 

Tyrosine—To the anisalhydantoin were added 0.19 gm. of red phosphorus 
and 2.4 ml. of redistilled hydriodic acid, d 1.7. A cold finger made from a 
conical 5 ml. centrifuge tube was hung in the mouth of the test-tube and 
the mixture was refluxed 5 hours. Then 0.63 gm. of iodine was added and 
the mixture was refluxed 5.5 hours longer. The solution was filtered into a 
30 ml. flask with a 14/20 ground neck and the solvent was pumped away. 
To the residue were added 5 ml. of water and the solvent was again removed. 
The residue was then taken up in 5 ml. of water. A yellow turbidity was 
present; it increased as water was added. Water was added until no further 
increase in turbidity was observed (25 ml.) and the turbidity was removed 
by centrifugation. The solution was then adjusted to pH 5.7 with 
ammonia, and a slight precipitate which appeared was filtered off. This 
appeared to be an impurity, as it turned brown on drying and was dis- 
carded. The solvent was pumped away and the residue was heated 15 
minutes at 100° in a vacuum. The residue was stirred well with 5 ml. of 
water and the mixture was filtered. The tyrosine on the filter was washed 
with water and alcohol and dried at 90°. The yield was 177 mg., which is a 
yield of 36 per cent based on anisalhydantoin. The over-all yield, based on 
barium carbonate, was 19 per cent. 

As a check on purity, analyses were carried out on a sample of tyrosine 
prepared in a pilot run by the same procedure, except that inactive barium 
carbonate was used for preparing the anisic acid. The analyses showed 

C,Hi,NO;. Calculated. C 59.66, H 6.12, N 7.74 
181.03 Found. * 58.16, * 6.01, * 7.76 
*© 58.24, ** 6.15, ** 7.66 
The specific activity of the tyrosine was 152,300 counts per minute per mg. 
This is 0.9 microcurie per mg. 
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Conditions of Experiment 


Three adult male strain dba mice were inoculated bilaterally with 
melanosarcoma $91.4 When the tumors were 5 weeks old, each mouse was 
given a single injection of tyrosine via the tail vein. The tyrosine was 
administered as a solution in physiological saline, prepared by dissolving 
2.9 mg. of tyrosine in 0.15 ml. of 0.3 n hydrochloric acid, then adding 0.15 
ml. of 0.3 N sodium hydroxide and injecting the solution promptly. Mice 
B and C received 0.09 ml. of this solution; Mouse A received only 0.07 ml. 
because the needle missed the vein on the first try. 

The three mice were placed in a glass cage with provision made for collect- 
ing their excreta and for absorbing all the carbon dioxide exhaled. The 
mice were fed a stock diet ad libitum. At the end of 12 hours, Mouse A was 
removed from the cage and killed with nembutal; Mice B and C were killed 
after 24 and 72 hours, respectively. 

Each mouse was dissected immediately after death into the specimens 
listed in Table I. The dissections were made as quantitative as possible 


and no tissue was discarded. This makes it possible to calculate a balance’ 


between the total amount of radioactivity administered and the amount 
found by assay. 


Handling of Specimens 


The fresh tissue specimens were promptly dried in a vacuum at 69°. To 
see whether this drying procedure would drive volatile radioactive com- 
pounds from the tissues, the water which came off was collected and ex- 
amined for radioactivity by slowly vaporizing it in a stream of oxygen and 
passing the gas through a combustion train. The amount of activity found 
in the water was less than 0.01 per cent of the administered dose and there- 
fore this is excluded as an important source of error. 

To measure the radioactivity of the specimens, they were first burned to 
carbon dioxide in an analytical type combustion train and the gas was 
absorbed in sodium hydroxide (4). 

Organs smaller than 50 mg. were burned in tofo to eliminate the effect of 
possible inhomogeneity in the distribution of the radioactivity in the tissue. 
Larger samples were ground up and an amount of tissue (100 to 150 mg.), 
large enough to constitute a considerable fraction of the total, was burned. 

From the sodium carbonate solution obtained, barium carbonate was 
precipitated. When the specific activity of the barium carbonate was 
greater than 0.5 count per minute per mg., it was counted on an aluminum 
disk under a bell jar counter with a thin mica window (4). The counter 


‘This tumor was originally obtained from Dr. C. C. Little, Roscoe B. Jackson 


Memorial Laboratory, Bar Harbor, Maine. 
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used has an over-all efficiency of 7.7 per cent, so that 1 count per minute 
corresponds to 13 disintegrations per minute. All samples m2asured in 
this way were counted for a length of time suffizient to make the statistical 
error 10 per cent or less. Because of the fluctuations to be expected 
between individual animals and because of the exploratory nature of this 
experiment, it was not considered worth while to take the rather consider- 
able extra time necessary to obtain count values of higher precision on the 
weaker samples. 

Barium carbonate samples weaker than 0.5 count per minute per mg. 
were assayed in an ionization chamber connected to a Lindemann type 
electrometer.® * 

The thyroid and adrenal glands and the gallbladders were too small to 
furnish enough barium carbonate to work with conveniently, and in these 
cases benzoic acid was added to the combustion boat as carrier. The 
dilution introduced by this procedure is immaterial in determining the 
specific activity of the tissue, which is always found by dividing the total 
amount of radioactivity in the barium carbonate obtained by the weight 
of tissue burned. However, the total activity of these samples was on the 
lower edge of the useful range of the instrument (10 counts per minute). 
In addition, there is an error of 10 per cent in weighing such small organs 
on an analytical balance, and so there is an over-all experimental error of 
about 25 per cent in the values for these organs. 

The adrenals and gallbladder of Mouse B and the thyroids of Mouse C 
deviate from the general turnover trend so strikingly that there is no doubt 
that these values contain gross errors in addition to those mentioned above. 
Each value for bone is an average from combustions in triplicate. The 
values obtained varied by as much as 100 per cent, presumably because of 
differences in amount of adhering muscle and in amount of cartilage in 
different bones. 

Exhaled Carbon Dioxide—Carbon dioxide was collected by drawing 
through the cage a current of air which was then passed through a sintered 
glass disk into 1 m sodium hydroxide. The absorber was changed at inter- 
vals and the various samples of barium carbonate obtained were examined 
for specific activity and total activity. Since all the animals were kept in 
the same cage, the specific activity of the barium carbonate represents an 
average value over the number of mice contributing. To get the average 
total excretion, the total activity obtained during the first 12 hours was 
divided by 3, and during the next 12 hours by 2. 


5 This instrument was constructed by Dr. Clinton D. Janney. We are indebted 
to him and to Mrs. Mary Daniels for the ionization chamber measurements. 

6 Janney, C. D., and Moyer, B. J., A technique for the measurement of carbon 14, 
in preparation. 
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Fig. 1 shows the specific activity of the barium carbonate plotted against 
time. The specific activity of each sample is an average value over a time 
interval; to take account of this fact, at least approximately, each time 
value plotted as abscissa was calculated by dividing by 2 the elapsed time 
during an interval and adding it to total time elapsed up to the beginning 
of the interval. 

A substantial amount of activity appeared in the exhaled carbon dioxide. 
The very rapid initial rise in specific activity, which reached a maximum at 
1.5 hours, suggests that some of the tyrosine was extensively degraded 
before it had an opportunity to be incorporated into protein. During the 
first 12 hours, the amount of activity exhaled amounts to 19.3 per cent of 
the administered dose, during the second 12 hours 2.9 per cent, and during 
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the succeeding 48 hours 7.4 per cent. Since perfusion experiments (7, 8) 
have shown liver to be capable of forming acetoacetic acid and carbon 
dioxide from tyrosine, this organ is probably responsible, in part, for the 
appearance of activity in the breath. 

Excreta—The residue in the bottom of the cage, containing considerable 
food, was washed into a beaker and evaporated to dryness on a steam bath. 
From the specific activity and total weight of this material, the amount of 
activity eliminated in urine and feces was found to be 41.5 per cent of the 
administered dose. This figure does not imply that any one of the mice 
excreted this amount, since the three mice were all in the same cage, as 
explained earlier. However, if the shape of the elimination curve is similar 
to the shape of the carbon dioxide curve, as is likely, the individual per- 
centages cannot be different from 41.5 per cent by an amount greater than 
+25 per cent of this figure. 
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In Mice A and B there was urine in the bladder at the time of dissection. 
The specific activities of the solid residues obtained by evaporating these 
samples are the ones tabulated in Table I. Since the urine production is 
about 3 ml. per day per mouse and the solids content is about 5 per cent, 

















Tasie I 
Specific Activity (Counts per Minute per Mg. of Dry Tissue) 
Specimen | a a gm.), |Mouse - os anes wri ¢ ge gm.), 
I fees v's wha 4S 0ee ae | 29 5.5* 15 
tks fs 245 5 Sep SUN | 2.62 | 3.03 | 1.96 
BNL Gs S405 vi5» «fee bo eee tain. 4 8: ~ >| 4.86 
ee re | 5.62 | 4.0 2.7 
CS OE 28 | 8* 9 
ess. s eights De ue « 16.6 13.5 5.72 
DUT sc is 190.90 eaMatex'lenets 31.9 21.6 10.1 
Intestinal contents................ 31.9 | 26.2 7.41 
SS ee 5 bie a Siuas oi 45 ace 28.6 23.9 15.3 
er Pere ree | 20.4 14.6 11.3 
I Ais cane seein Adee 13.4 9.82 6.52 
Lymph nodes.............. mere 14.9 9.74 10.9 
| aR Saree Seierty. dear oe 18 5.57 3.86 2.76 
Pancreas and fat pad........ 7.48 9.73 6.79 
DIS 5:2) 2GS % so td toa RENE 44.0 
SEEN Cys Acie A xwinndears woenrons | 1.27 
I MEOMMD, «nes sven cas cceens | 12.8 8.28 
eit inst « 4.44 a kee ORES 11.1 teat 6.66 
Skin and hairf..... WMI ihc cae eT 4.37 | 4.82 4.92 
ag RE ee erry a 17.7 14.5 9.63 
Stomach and contents.............| 16.0 16.8 11.2 
WME cs ete oc rs eS 11.7 7.33 7.96 
| PE Tr Sa 39 14 57* 
Pee ere 24.4 19.9 16.5 


SR aan PRE Ri ak 5 25 Fa! 60.9 | 51.3 





* These values are probably in error (see the text). 

+ The sample consisted of pieces of skin teased away from hair. 

t The specific activity of this sample has no particular significance because of the 
presence of hair, which has no radioactivity except at the roots. However, the 
simplest way to determine the total activity in the hide was to determine the specific 
activity of skin plus hair and multiply by the total weight; it would be difficult to 
separate all the skin cleanly from hair, as would be necessary in order to obtain the 
skin weight. 


it is clear that the urine cannot account for the total amount of activity 
excreted and that the feces carry a large amount. 

Table I shows the specific activities of the various tissues, and Table IL 
shows total activities and the count balance. As an approximate com- 
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pensation for the fact that Mouse A received only 0.07 ml. of tyrosine 
solution, the values obtained for this mouse, have been multiplied by 9/7 
to obtain the figures entered in Tables I and II. 

















TaBLe II 
Total Activity (Specific Activity X Total Weight of Specimen) 
Specimen i a il 
hatter sialic ianil noi eae Sear ae 

FSS... eee 58 6.5 | 15 
ES. eo vat dec oceics bathe: 3,900 4,990 2,440 
ee Pi aetenen eeiendoe 603 | 345 442 
MEETING ox do ks ae ve webs cakaees t 62 44 24 
eee eee 28 | 8 10 
EN ns Sica S die ere whe i Weeds 1,404 364 189 
RNs i, 6 iSovc asses powce ; 11,530 8,135 4,030 
Intestinal contents................ 4,940 5,240 1,530 
| EE ee 1,990 1,990 1,690 
a, a ee re 6, 960 5,540 +, 280 
EN a ay re ee 334 266 189 
ince ick pe ovale Delp den os 293 195 214 
LSE pl es sain a Wh | 8,820 4,605 2,790 
Pancreas and fat pad..............| 286 204 | 135 

Ns car iv as ing icess hi dens 1,070 

ee ee ree 578 
Salivary glands................... 424 | 257 
Skin and hair.......... 5 Shenk Bae 4,900 5,540 4,780 
et Te pater 422 520 | 222 
Stomach and contents............. 631 523 549 
Slane eT rT 311 622 358 
NE SE TEA eee aerate ov 39 9 29 
Ene Pc. ay ue Sea ears 9,400 8,158 5, 230 

MOWERS eet aid othe nil oh ale ta Bare i | 1,580 1,180 
Eis ie. i eh ts aid: | 60,189 «=| «= 48,907 | ~— 29, 408 
Total activity in carbon dioxide............................. ares 157,900 
7 oo , ere 90 , 600 
29 , 400 
48 ,900 
60, 100 
ee 387 ,000 
ae 


administered, counts per min........................-..-..., 898,000 


* From about 0.3 ml. of blood. 


Inspection of ‘Table I shows that injected tyrosine goes to every part of the 


body. The ratio between the specific activity (counts per minute per mg. 
of dry weight) of the more active tissues (adrenals, thyroids, and intestines) 
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and the less active (muscle, eyes) is about 6 for Mouse A and the same for 
Mouse C. (Bone and erythrocytes are ignored in this comparison because 
of the rather special character of these tissues.) However, no correlation 
is found between this ratio and the ratio of turnover times; the specific 
activities of the corresponding tissues of Mouse C range between one-third 
and one-half of those for Mouse A, a difference of less than two-fold. Con- 
sequently, the specific activities cannot be regarded as a measure of the 
intensity of tyrosine metabolism in the various organs. 

As a matter of general interest, a gross turnover time of the administered 
radioactivity is calculated from the values in Table II for the total amount 
of activity in Mice A and C at the time of death. The time for turnover of 
half the activity is 60 hours. This figure, which represents mainly soft 
tissue turnover, may be compared with the finding (9) that after adminis- 
tration of radiocarbonate bone retains a large part of its initial uptake for 
a period as long as3 months. From the point of view of the health question, 
these facts suggest that in low level irradiation from ingested radiocarbon 
bone will be the limiting tissue which will determine the tolerable dose.’ 

In drawing inferences from the variations in specific activity of the 
various tissues, it is not unreasonable to suppose that those in which the 
activity is relatively high owe this to the fact that they are involved in 
carrying out some special function in the metabolism of tyrosine, while 
those which may owe their activity merely to the incorporation of tyrosine 
as such into the tissue proteins will be less active. The fact that all the 
tissues show some activity undoubtedly reflects the fact that the latter 
occurrence is common to all of them. On the other hand, tissues with 
comparatively low activity may owe it to more than simple tissue building; 
there is no reason why other functions must necessarily be associated with 
any striking concentration of radioactivity, for an individual compound 
may be present in high specific activity, yet if its amount is small, the gross 
specific activity of the tissue will not be raised appreciably. In these cases, 
special function will be disclosed only by identifying the chemical com- 
pounds in which radiocarbon is present. Differences in specific activity 
will also reflect differences in tyrosine content. In bone, for instance, a 
fairly low gross specific activity might be expected because of the large 
mineral content. In addition, the presence of blood in the tissues will 
contribute activity. 


? The specific activity values listed for bone in Table I indicate that the half time 
for turnover of the activity is only a few days. However, it has been mentioned 
earlier that duplicate activity measurements on bone samples gave values which 
varied by as much as 100 per cent. Because of the magnitude of this variation, the 
authors do not feel that their data for bone activity are a reliable measure of turnover 
rate, and that the interpretation of these data should be limited to the statement that 
the bone uptake is comparatively low. 
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Despite these limitations, there are a number of tissues whose specific 
activities are high enough. to call for some comment. In order to define 
them as a group, they will be arbitrarily designated as those which in 
Mouse A possess a specific activity greater than three times that of muscle, 
or 17 counts per minute per mg. The group then comprises the adrenals, 
thyroids, intestines, kidneys, liver, gallbladder, plasma, spleen, and tumor, 

Intestines—The appearance of a large amount of radioactivity in the 
feces lends interest to the finding of high specific activity in the intestinal 
walls. It is known that the intestine is active in protein anabolism (10); 
the large fecal excretion suggests catabolism too. However, the bile repre- 
sents another pathway by which p1-tyrosine metabolites could enter the 
feces, and the high activity of the liver and gallbladder requires that this 
possibility be given equal consideration. 

Adrenal Glands—The theory that tyrosine is a precursor of epinephrine 
has been entertained for a long time. The formation in vivo of epinephrine 
from phenylalanine, which is known to be convertible into tyrosine, has 


recently been confirmed (11). It is likely that the high activity of the 


glands is associated with their function in synthesizing this hormone. 

Thyroid Glands—The high specific activity of these glands is consistent 
with the known facts concerning thyroxine synthesis. 

Tumor—The appearance of high specific activity in the tumor is in line 
with the rapidly growing character of this tissue. Whether or how much 
activity is due to melanin is difficult to judge. The extra activity of the 
tissue is not great enough to justify interpretation in terms of melanin for- 
mation. One clear conclusion is that 8-labeled tyrosine by itself offers no 
promise as a therapeutic agent against melanoma. 

Plasma—The fact that the plasma solids have a higher specific activity 
than most tissues is consistent with the concept (12) that plasma protein 
may be an intermediate source from which many tissues build their indi- 
vidual proteins. However, the quantitative relationships are distorted 
by the fact that non-protein constituents of the tissues will dilute the pro- 
tein and lower the gross specific activity, while the plasma solids consist 
mostly of protein. 

Erythrocytes—The low activity of the erythrocytes is interesting to con- 
sider in comparison with the finding (13) that there is no appreciable syn- 
thesis of desoxyribonucleic acid in mature erythrocytes, the low uptake of 
methionine (14), and the low uptake found in the tracer work of Schoen- 
heimer and associates with nitrogen and deuterium. The activity found 
in our study may be entirely due to erythrocytes formed subsequent to 
tyrosine administration. 
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Melvin Calvin and Professor John H. Lawrence for their interest and ad- 
vice in this work. 


SUMMARY 


1. The synthesis of pL-tyrosine labeled with C™ in the 8 position is 
described. 

2. The distribution of radioactivity following intravenous administration 
of pL-radiotyrosine to mice bearing melanosarcoma has been investigated. 

3. At 72 hours, about 30 per cent of the administered dose has appeared 
in the breath, about 40 per cent in the urine and feces, with 30 per cent 
remaining in the body. 

4. Radioactivity is found in every tissue of the body. The adrenals, 
thyroids, intestines, kidneys, liver, plasma, spleen, and tumor show the 
highest specific activities. Erythrocytes are lowest, with bone next. 

5. In this species, the total activity in the body diminishes by half during 
the 60 hour period between the 12th and 72nd hour after administration of 
radiotyrosine. 
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THE CHEMICAL STRUCTURE OF PHOSPHATIDYL SERINE 


By JORDI FOLCH* 


(From the Hospital of The Rockefeller Institute for Medical Research, New York, 
the McLean Hospital Research Laboratories, Waverley, Massachusetts, and 
the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, December 20, 1947) 


Phosphatidy] serine is the name given to a phosphatide which has been 
isolated from brain (1, 2). This paper reports work according to which 
the chemical structure of phosphatidyl serine, prepared by the method 
described, corresponds to one of the two accompanying formulas in which 
the position of the fatty acids and phosphoryl radicals is arbitrary, since 
there is as yet no reliable way of ascertaining whether glycerophosphoric 
acid in phosphatides belongs to the a or the 8 form (3). The name of 
phosphatidyl serine was chosen because this compound appears to be an 
ester of serine and a phosphatidic acid (4). 

a i a 
HC—O—CO— Cy His 


| 
H,C—-O—-PO—-O—-CH:—CH—COOH 


| 
OH NH; 
e~Phosphatidy! serine 
H,C—-O—CO—C,; His 


HC—o——_—_-— PO—_0— CH. _-CH— COOH 


| | 


OH NH; 
H,C—O—CO—Ci;Ha; 


8-Phosphatidy! serine 


The postulated formula is based on the following facts: (1) Chemical 
analyses of phosphatidyl] serine (freed of base) for C, H, N, P, carboxyl N, 
NH.-N, and fatty acids agree very closely with the theoretical values 
calculated from the postulated formula. (2) Glycerophosphoric acid, 
L-serine, and fatty acids have been isolated as cleavage products of phos- 
phatidyl serine in molecular proportions approximately 1:1:2. (3) Phos- 
phatidyl serine reacts with ninhydrin (5) and with HNO, (6) in the same 
way as an a-amino acid. This shows that both the —COOH and the 
—NHb groups of serine are free in the intact molecule of phosphatidy] serine. 


* Present address, McLean Hospital, Waverley, Massachusetts. 
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On the other hand, phosphatidyl serine does not react with HIO,. Since 
HIQ, is known to react with compounds with a —CH(NH.)—CH(OH)— 
group, and specifically with serine (7), the fact that phosphatidyl 
serine does not react with HIO, is conclusive evidence that either its 
—OH or its —-NH, group is combined. And since its —NHp group is 
shown to be free both by the ninhydrin (5) and the HNO, reaction (6), it 
is obvious that the —OH group is combined. (4) From the postulated 
formula, phosphatidyl serine exhibits one free basic group, namely the 
—NH: group, and two acidic groups, namely the —COOH group of serine 
and one group from phosphoric acid. This should give a strongly acidic 
compound that would bind 1 equivalent of base at the physiological pH. 
That this is the case is shown by the fact that phosphatidyl serine, isolated 
from brain by the use of neutral solvents and freed of water-soluble im- 
purities by dialysis, contains K and Na, and that the ratio (equivalence 
of base)/(atoms of P) is 1.00. That these bases are combined with 
phosphatidyl serine in a salt-like combination is shown by the fact that 
they can be removed by treatment with 0.05 n HCl, base-free phosphatidyl] 
serine being thereby obtained. From the free acid the original phos- 
phatidyl serine K-Na salt can be prepared by the addition of the amount 
of base theoretically required. 

Serine has been isolated as serine p-hydroxyazobenzene-p-sulfonate (8). 
It accounts for 80.7 per cent of the carboxyl N present in the starting 
material. From it L-serine has been recovered in a yield that accounts 
for 73.5 per cent of serine present in phosphatidyl serine, according to 
the postulated formula. The impure barium glycerophosphate obtained 
accounts for 81 per cent of P in starting material, and the analytically 
pure barium glycerophosphate for 60 per cent of the original constituent P. 

Estimation of fatty acid gives for phosphatidyl serine a (moles of fatty 
acid)/(atoms of P) ratio of 2.00. The neutral equivalent found for the 
fatty acids was 283, which is the theoretical value for an equimolar mixture 
of oleic and stearic acids. By the lead precipitation method, phosphatidyl 
serine fatty acids were divided equally between saturated and unsaturated 
acids. From the former, pure stearic acid has been dbtained. The 
amount obtained accounts for 69 per cent of the amount present in phos- 
phatidyl serine, according to the postulated formula. The unsaturated 
fatty acid fraction appears to be mostly oleic acid, although attempts to 
obtain this acid in pure form have failed so far. 

The iodine number calculated from the postulated formula is 31.5. 
The iodine number found varied between different preparations, ranging 
from 33.0 to 40. This discrepancy can be explained, at least in part, by 
the fact that our preparations were only between 92 and 97 per cent pure 
(as evaluated by their (carboxyl N ratio)/(total N)) and that the main 
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contaminant appeared to be phosphatidyl ethanolamine, which has a 
higher iodine number than phosphatidyl serine (2). 

It must be emphasized that this paper deals only with phosphatidyl 
serine isolated by the method described. It accounts for about 60 per 
cent of all the lipide carboxyl N from brain. However, the possible 
existence of phosphatidyl serine having fatty acids other than stearic 
and oleic acids as constituents must be kept in mind. From another 
fraction isolated from brain cephalin, to which the name of inositol phos- 
phatide was given for descriptive purposes (2), other preparations of 
phosphatidyl serine have been isolated, incidental to the isolation of 
diphosphoinositide (9). These phosphatidyl serine preparations are found 
to contain Na instead of K as the most abundant inorganic base. 


EXPERIMENTAL 


Analytical Methods—Manometric methods were routinely used for the 
estimation of C (10), P (11), N (12), and carboxyl N (5). Carboxyl N 
analysis on phosphatidyl serine gives better results when 1 cc. of water is 
added to the weighed dry material and the sample allowed to stand for a 
few minutes with occasional gentle shaking, so as to allow it to form an 
emulsion. In the case of base-free phosphatidyl serine, 1 or 2 drops of 
0.1 n NaOH are added to facilitate emulsification. 13 minutes in the 
boiling water bath are allowed for reaction with ninhydrin, this length 
of time having been found to yield good checks between parallel esti- 
mations. In the later stages of work P has been estimated by Sperry’s 
method (13), iodine numbers by Yasuda’s method (14), and barium by 
weighing it as BaSO,. NH,-N was estimated manometrically on acid 
hydrolysates, as described elsewhere (2), to eliminate interference from 
unsaturated fatty acids (15). K was estimated as potassium phospho- 
tungstate (16), and Na as sodium uranyl zinc acetate by a microgravimetric 
modification of the method of Salit (17). Ca and Mg were estimated by 
standard methods (18), modified to suit the type of material dealt with. 

In cases in which elementary composition has been used for identification 
of compounds or in which values are recorded as evidence, C and H were 
estimated by dry combustion,! lead chromate being used in compounds 
that had base, N by the Dumas method, and P gravimetrically as am- 
monium phosphomolybdate. It has been found that C values by the 
wet combustion manometric method of Van Slyke and Folch (10) agreed 
with those obtained by dry combustion. 

Glycerol was estimated by the Blix method (19), which has been found 
to give recoveries of only 95 to 96 per cent when tested with standard 
glycerol, or glycerophosphate solutions. 


1 Analyses run by Dr. E. W. Elek. 
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PHOSPHATIDYL SERINE 


Preparation and Properties of Phosphatidyl Serine 


Phosphatidyl serine is prepared from brain cephalin by the chloroform- 
alcohol method of fractionation, freed of water-soluble impurities by 
dialysis, and lyophilized as described elsewhere (2). Usually this method 
yields preparations of 85 to 90 per cent purity; z.e., between 85 and 90 per 
cent of the nitrogen present is carboxyl N. When the percentage of total 
N as carboxyl N is less than the stated percentage, it is easy to bring it 
up to this level by the following procedure. 

1 gm. of the preparation under study is dissolved in 10 cc. of chloroform, 
and 16.5 cc. of absolute ethyl alcohol are added to the solution. A tur- 
bidity develops, and on standing or by centrifugation the system resolves 
itself into an underlying viscous layer and a clear supernatant solution, 
The clear supernatant solution is decanted, and to it are added 30 ce. of 
absolute ethyl alcohol. A precipitate separates which is collected and 
dried. On analysis it is found to contain carboxy! N at a higher concentra- 
tion than the mother substance. In a typical case, by this procedure the 
following fractions have been obtained from 22.6 gm. of a preparation 
containing 1.25 per cent carboxyl N: (1) recovered from the viscous 
underlying layer, 7.4 gm. of material containing 1.29 per cent carboxy! N; 
(2) the precipitate collected from the supernatant solution, 11.7 gm. of 
material containing 1.43 per cent carboxyl. N; (3) recovered from the 
supernatant solution (2), 3.2 gm. of material containing 0.35 per cent 
carboxyl N. 

We have been unable to obtain consistently phosphatidyl serine having 
more than 92 per cent of its N as carboxyl N. Occasionally, preparations 
have been obtained showing concentrations of carboxyl N as high as 97 per 
cent of the total N. The main contaminant appears to be phosphatidyl 
ethanolamine, as is shown by the fact that all N present is NH2-N. In 
search of the nature of other contaminants phosphatidyl serine was found 
to be essentially free of cerebrosides (carbohydrates <0.1 per cent), 
lecithin, or sphingomyelin (choline <0.1 per cent) and cholesterol (<0.1 
per cent). 

Phosphatidyl serine is obtained as a loose white powder. On being 
dissolved in organic solvents and recovered from solution, it acquires a 
light tan color. After lyophilization, phosphatidyl serine keeps fairly 
well if stored in vacuo in the dark. Under these conditions it retains a 
certain amount of water. For instance, 401.75 mg. of phosphatidyl 
serine that has reached constant weight in vacuo over CaCl, at room 
temperature show a loss of weight of 6.65 mg. (i.e., 1.65 per cent) on being 
heated in a vacuum at 80° to constant weight. Restored to former condi- 


tions (7.e., in a vacuum at room temperature), it regains its former weight 
within 48 hours. 
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Phosphatidyl serine is freely soluble in chloroform, ethyl ether, and 
petroleum ether, and insoluble in ethyl alcohol, methyl alcohol, or acetone. 
On standing in contact with water, it forms an emulsion. These emulsions 
are very stable and an 8 per cent emulsion of phosphatidyl serine will 
stand centrifugation at 4000 r.p.m. for an indefinite period of time. 

Bases Combined with Phosphatidyl Serine—Phosphatidy] serine prepara- 
tions obtained by the method described are found to contain 1 equivalent 
of inorganic base for each atom of P. K is by far the most abundant base 
with a smaller amount of Na, but neither Ca nor Mg is present. Detailed 
results on this point are given in Table I for the two preparations. Studies 
carried out on cephalin preparations (20) (presumably containing about 











TaBLe I 
Analysis of Two Preparations of Brain Phosphatidyl Serine 
Components | | Pagperation | Calestaredts | Eecoaratoy | Selene tee 
per cent per cent per cent per cent 
C 60.8 61.1 61.71 61.50 
H 9.32 9.59 9.37 9.60 
N 1.65 1.70 1.65 1.71 
P 3.75 3.76 3.76 3.78 
COOH-N 1.52 1.70 1.57 1.71 
Iodine No. | 40 ' 38.0 











* B stands for the cations present. Preparation Oct. III contained 3.76 per cent 
K and 0.51 per cent Na; (equivalence of base)/(atoms of P) = 0.98. The values 
given in this column have been calculated for oleylstearylglycerylphosphory] serine 
corrected for the cations present. 

+ B stands for the cations present. Preparation Sept. IIIbII contained 2.93 per 
cent of K and 0.99 per cent of Na; (equivalence of base)/(atoms of P) = 0.98. The 
values given in this column have been calculated for oleylstearylglycerylphosphoryl 
serine corrected for the cations present. 


50 per cent phosphatidyl serine (21)) have shown that these bases are 
combined in un-ionized form. 

Analyses of Phosphatidyl Serine—The results of chemical analysis of 
phosphatidyl serine are given in Table I. It is seen that the results ob- 
tained closely agree with values calculated for the postulated formula 
corrected in each case for the amount of inorganic bases present in the 
preparation. 


Preparation of Base-Free Phosphatidyl Serine 


The ability of phosphatidyl serine to form fairly concentrated emulsions 
in water depends upon the presence of K or Na combined in its molecule. 
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Acidification of the emulsion results in progressive precipitation of phos- 
phatidyl serine as free acid. This precipitation is complete at about 
pH 1.5 (0.05 n HCl). 

The insolubility of the free acid in water is made use of to prepare base- 
free phosphatidyl serine. The method is as follows. 

3 gm. of phosphatidyl serine are emulsified with 150 cc. of water and to 
the emulsion are added 15 cc. of n HCl. The precipitate that forms is 
centrifuged off and washed once with 0.1 N HCl. The washed precipitate 
is transferred to a cellophane sausage casing and dialyzed against distilled 
water in the ice box for 3 days, the outside liquid being renewed six times, 
In the course of dialysis some of the precipitate goes back into emulsion. 
From the contents of the dialysis sack base-free phosphatidyl] serine is 
obtained either by lyophilization or by precipitation with a large excess 
of alcohol (four to six times as much alcohol as water). In either case the 
dry substance is taken up in 10 cc. of CHCl; and 70 cc. of acetone are added 


TaBLeE II 
Analysis of Base-Free Phosphatidyl Serine 














Component | Pagpernype | Pagpersie™ | esperar | Porzarsue™ | lease 
per cent | per cent | : “percent | per cent ‘on cent 

C 63.34 63.89 | 63.53 | 63.5 | 68.9 

H o8- | O73 | 98 | 9.82 | 10.1 

P 3.89 | 3.83 3.96 | 3.86 3.92 

N ey a ET ae 

Base 1.0 0.5 0.1 0.4 0.0 

COOH-N | 1.59 1.65 


; | 1.68 1.59 | 1.78 





to it. The precipitate that forms is collected and dried, 2.3 gm. of a light 
tan loose powder being obtained. After being dried to constant weight 
over CaCl, in a vacuum, it still contains about 1.80 per cent water. 
For instance, 255.54 mg. of base-free phosphatidyl serine that had reached 
constant weight in vacuo over CaCl, showed a loss of weight of 4.64 mg. 
(t.e., 1.80 per cent) on being heated in a vacuum at 80° to constant weight. 
The dried product, when placed in a vacuum desiccator over CaCl:, re- 
gained its former weight in 24 hours. 

The results of chemical analyses of several preparations are given in 
Table II. They agree closely with values calculated for oleylstearyl- 
glycerylphosphoryl serine (CyHsoO;oNP). 

After drying, base-free phosphatidyl serine forms emulsions in water 
with great difficulty. It is only on addition of the amount of bases (KOH, 
NaOH) required to reform the K or Na salt (1 equivalent of base per atom 
of P) that an aqueous emulsion is easily obtained, 
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Effect of Storage on Phosphatidyl Serine 

On storage in vacuo in the dark at room temperature phosphatidyl 
serine does not change its elementary composition, but sore sort of re- 
arrangement takes place in the molecule, so that the concentration of 
carboxyl N drops sharply. NH»-N decreases to a much lesser degree. 
The results of analyses on one preparation (Nov. III) stored under the 
conditions given above were as follows: COOH-N: original 1.62 per cent; 
after 3 months 1.39 per cent; after 5 months 1.32 per cent; after 10 months 
1.25 per cent; after 19 months 1.20 per cent; after 26 months 1.14 per cent. 
On the other hand, NH2-N, which was 1.70 per cent originally, was 1.37 
per cent after 26 months. These changes with storage are much less 
marked in the case of base-free preparations. For instance, base-free 
Preparation Nov. III, containing originally 1.65 per cent COOH-N and 
1.80 per cent NH2-N was found to contain 1.50 per cent COOH-N and 
1.70 per cent NH)-N after 26 months storage. The fact that the NH,-N 
values decrease to a much lesser degree than carboxyl N values suggests 
that the —COOH group is mainly involved in the observed change. 

Storage in a CHCl; solution at —72° (dry ice box) appears to be more 
satisfactory. Preparations stored this way for 18 months have shown 
no change in composition. 


Isolation of u-Serine from Phosphatidyl Serine 


2.25 gm. of phosphatidyl serine containing 1.42 per cent carboxyl N 
were freed of base by emulsification in water and precipitation of the 
phosphatide by addition of HCl up to0.1 N concentration. The precipitate 


, was washed once with 0.1 N HCl and next hydrolyzed by boiling 6 n HCl 
under reflux for 3 hours. After cooling, the hydrolysate was freed of fatty 


~~ 





acids by filtration, and the filtrate was concentrated to 4 cc. volume. To 
it were added 800 mg. of p-hydroxyazobenzene-p-sulfonic acid, which was 
dissolved by heating in the boiling water bath. Crystals formed on stand- 
ing overnight in the ice box were centrifuged in the cold and washed twice 
with 3 ec. of ice-cold water. The washed crystals were recrystallized 
twice from 4 cc. of water. 

After drying at 100° the crystals weighed 710 mg. On analysis they 
proved to be serine p-hydroxyazobenzene-p-sulfonate. They accounted 
for 80.7 per cent of the carboxy] N present in the starting material. The 
results were as follows: 


CisH,,O;N;S. Calculated. C 47.0, H 4.44, carboxyl N 3.66, base 0.00 
Found. ** 46.7, “ 4.39, 7 *¢ 3.62, “ 0.3 
569 mg. of this compound were dissolved in water, lead acetate was 
added to the solution, the lead salt removed by filtration, and the filtrate 
freed of traces of p-hydroxyazobenzene-p-sulfonic acid with charcoal. 
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The filtrate from the charcoal was dried, the residue dissolved in 2 cc. of 
water, and 20 cc. of alcohol were added to the solution. The crystals 
formed on standing overnight in the ice box were collected and dissolved 
in 0.5 cc. of water, and 10 cc. of alcohol were added to the solution. After 
standing overnight in the ice box, the crystals that formed were collected, 
dried, and analyzed. 

The crystals weighed 142 mg. On analysis they proved to be L-serine, 
and accounted for 91 per cent of the serine present in the serine p-hydroxy- 
azobenzene-p-sulfonate or 73.6 per cent of the carboxyl N present in the 
starting phosphatidyl serine. The results were as follows: 


C:H,O;N. Calculated. C 34.2, H 6.67, N 13.32, carboxyl N 13.32 
Found (corrected ‘‘ 34.15, ‘‘ 6.55, “* 13.22, ne *¢ 13.22 
for 0.95% base). 


Rotation—A solution in 1 n HCl containing 47 mg. of crystals per cc 
showed in a 1 dm. tube a rotation of +0.67° with sodium light; a” = 
14.3°. Fischer and Jacobs give +14.5° (22). 


Isolation of Glycerophosphoric Acid from Phosphatidyl Serine 


3.35 gm. of phosphatidyl serine (Preparation May III-41) were emul- 
sified in 150 cc. of HO, and 15 cc. of n HCl were added to the emulsion. 
The resulting precipitate was centrifuged, washed once with 0.1 Nn HCl, and 
then hydrolyzed with 6 n HCl for 100 minutes in the boiling water bath. 
After cooling, the hydrolysate was filtered and the filtrate evaporated to 
dryness in a vacuum. The dry residue was taken up in 50 cc. of water 
and the solution treated with 1 gm. of Ag.O after the addition of 0.5 ce. 
of concentrated acetic acid. The precipitate was filtered off and the silver 
was removed with hydrogen sulfide. The silver sulfide was filtered off, 
after which the filtrate was evaporated to dryness. The residue was 
dissolved in 30 cc. of H,O and brought to pH 10 by the addition of 12 ce. 
of saturated Ba(OH):. The precipitate that separated was centrifuged 
off and washed twice with water. To the clear solution an equal volume 
of alcohol was added and the precipitate that separated was centrifuged 
off and washed once with 50 per cent alcohol and dried in a vacuum at 
142° to constant weight. It weighed 831.2 mg. On analysis it was found 
to contain 11.1 per cent P, 32.5 per cent glycerol, 32.76 per cent Ba, and 
0.2 percent N. It accounted for 81 per cent of the P present in the starting 
material. It appeared to be barium glycerophosphate mixed with acid 
barium glycerophosphate. 

Four precipitations from water solution, by addition of an equal amount 
of alcohol, brought the nitrogen concentration down to 0.03 per cent. 
Finally, the Ba salt was dissolved in 50 cc. of H.O, the solution was made 
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strongly alkaline by addition of 10 cc. of saturated aqueous Ba(OH). 
solution, and an equal volume of alcohol added to it. The alcohol-insoluble 
precipitate was centrifuged, washed twice with cold 50 per cent alcohol, 
dried, redissolved in 30 cc. of water, and CO, bubbled through the solution. 
A slight precipitate was removed by centrifugation and to the supernatant 
was added an equal volume of methyl alcohol. The precipitate that 
formed was centrifuged, washed with 50 per cent methyl alcohol, and 
dried to constant weight at 142°. 

575 mg. of material were thus obtained. On analysis it proved to be 
Ba glycerophosphate. The analytical results were as follows: 


C;H,0.P Ba. Calculated. C 11.73, P 10. 1, Ba 44.5, glycerol 29.3 
Found. ** 11.69, “© 10.05, ‘* 44.6, sig 28.7 


Estimation of Fatty Acids 


Phosphatidyl serine was saponified with 8 per cent alcoholic NaOH by 
refluxing for 4 hours. After cooling, the solution was nearly neutralized 
with hydrochloric acid and concentrated to dryness in vacuo. The residue 
was acidified with nN HCl and the fatty acids were extracted with four 
successive portions of ether. The combined ether extracts were washed 
three times with equal volumes of water, and the washed ethereal extract 
was evaporated to dryness. By this method, saponification appeared to 
be complete in 4 hours, the same results being obtained for periods of 
saponification of 4 and 8 hours. 

A number of preparations were thus analyzed. The purest ones (con- 
taining 97 per cent of total N as COOH-N) yielded 68.6 per cent of the 
weight of the starting material as fatty acids, neutral equivalent 283; 
(moles of fatty acid)/(atoms of P) = 2.00. The theory for the K salt of 
phosphatidyl serine assumed to contain oleic and stearic acid radicals is 
68.8 per cent of the starting material as fatty acids and the neutral equiva- 
lent for an equimolar mixture of oleic and stearic acids is 283. Preparations 
of lesser purity yielded fatty acids of higher neutral equivalent (up to 291). 

Isolation of Component Fatty Acids—4 gm. of phosphatidyl serine were 
emulsified in 300 cc. of H,O, and 25 ce. of 19.2 n NaOH were added to the 
emulsion. The solution was immersed in a boiling water bath for 6 
hours. After cooling, the solution was acidified with HCl to pH 1.5 and 
allowed to stand overnight in the ice box. The next morning it was 
extracted four times in succession with an equal volume of ether each 
time. The ethereal extracts were combined and washed twice with an 
equal volume of water, after which the solution was evaporated to dryness. 
The residue weighed 2.7 gm. 

The fatty acids were separated into saturated and unsaturated acids by 
the method of Twitchell (23) as follows: The residue was dissolved in 80 ce. 
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of alcohol in a 100 cc. centrifuge tube immersed in a water bath at 75°, and 
to the hot solution were added in succession 0.5 cc. of acetic acid and 7 ee. 
of a 25 per cent aqueous neutral lead acetate solution. A small amount 
of precipitate settled to the bottom. The clear supernatant solution was 
transferred to another centrifuge tube in the same bath and then the bath 
was allowed to cool. Next morning the clear supernatant was decanted 
and the precipitate was washed with alcohol. The combined washing 
and supernatant solutions were evaporated to dryness. The residue was 
dissolved in 30 cc. of ether and the ethereal solution allowed to stand over- 
night in the ice box. The small amount of precipitate formed was 
filtered off and discarded. The filtrate was evaporated to dryness and 
the residue dissolved in 40 ce. of methyl alcohol, after which the lead was 
removed with hydrogen sulfide. The filtrate from the lead sulfide was 
evaporated to dryness. The residue was an oil which contained some 
white crystals. It weighed 1250 mg. 

The oily residue was treated with 30 cc. of petroleum ether. Most of it 
went into solution. After standing overnight in the ice box, the petroleum 
ether solution was filtered and the filtrate evaporated to dryness. The 
residue was a clear oily liquid and weighed 1100 mg. The neutral equiva- 
lent was 283 and the iodine number 87.0. It appeared to be slightly 
impure oleic acid. Attempts to isolate analytically pure oleic acid from 
it have failed. The amount of impure oleic acid obtained amounted to 
79.5 per cent of the amount present in the starting material, according to 
the postulated formula. 

The alcohol-insoluble lead soaps were reprecipitated from 60 cc. of hot 
alcohol (to which 0.5 cc. of acetic acid had been added), the solution being 
allowed to cool over a period of 2 hours. After standing overnight at room 
temperature, the precipitate formed was collected by centrifugation and 
washed with 95 per cent alcohol. 

After drying in a vacuum, the lead soaps were transferred to a separatory 
funnel with ether and the ethereal suspension washed with dilute nitric acid 
and then four times with water, after which the ethereal solution was 
evaporated to dryness. The residue was a crystalline mass which weighed 
1100 mg., m.p. 65°. Neutral equivalent 279; iodine value <1.0. It was 
assumed that the material was impure stearic acid. The residue was 
dissolved in 80 cc. of hot alcohol. On cooling, a small amount of precipitate 
separated which was filtered off and the filtrate evaporated to dryness, 
after which the residue was dissolved in 40 cc. of hot alcohol. On cooling, 
a small precipitate formed. The solution was filtered, evaporated to 
dryness, and the residue dissolved in hot alcohol. No precipitate formed 
on cooling. The solution was evaporated to dryness. 
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The crystalline residue weighed 950 mg. On analysis it proved to be 
pure stearic acid. ‘The results were as follows: 


CisH3s02. Calculated. C 76.0, H 12.72, Base 
Found. * 90.8; ** 19:65,“ 0.1 


M.p. 69.3°; mixed m.p. with stearic acid, 69.3°; neutral equivalent 284.0. 

The amount of pure stearic acid obtained represents 69 per cent of the 
amount present in the starting material, according to the postulated 
formula. 


SUMMARY 


1. A method is described for the isolation of phosphatidyl serine of at 
least 92 per cent purity. 

2. As cleavage products, glycerophosphoric acid, L-serine, and fatty 
acids have been isolated in molecular proportions of 1:1:2. Fatty acids 
present appear to be mainly stearic acid and oleic acid. 

3. Phosphatidyl serine reacts with HNO, and ninhydrin as an a-amino 
acid, which shows that both the —COOH and the —NH, groups are free. 
It does not react with HIQ,, which shows that either its —-NH, or its 
—OH group is combined. Therefore, it appears that the combination of 
serine in the phosphatidyl serine molecule is through its —OH group. 

4. It is concluded that the structure of phosphatidyl serine is that of 
stearyloleylglycerylphosphoryl serine. The results of analyses are found 
to agree with the values calculated from the postulated formula. 

5. As isolated by neutral solvents, phosphatidyl serine is obtained as a 
K and Na (the former being the most abundant) salt, (equivalence of base)/- 
(atoms of P) = 1.00. The inorganic cations can be removed by treatment 
with 0.1 n HCl. 

6. Phosphatidyl serine studied in this paper represents 60 per cent of 
total lipide carboxyl N in brain. Other preparations of phosphatidyl 
serine can be obtained in which Na is the most abundant base. 
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The accuracy of bacteriological amino acid determinations is generally 
considered to be of the order of magnitude of 10 per cent and attainment of 
optimal results often depends upon the statistical effect of large numbers of 
individual experiments. By contrast, the order of magnitude of the ac- 
curacy of specific chemical methods of analysis is greater by a power of 10 
and adequate results are obtained from duplicate or triplicate determina- 
tions. As long as few data are available concerning the role of the many 
variables which affect microbiological analysis, the presumption that 
biological factors represent the dominating sources of error remains unveri- 
fied. The present paper records results of a study of various factors which 
affect precision and reproducibility of quantitative measurements of growth 
responses of Streptococcus faecalis (American Type Culture Collection No. 
9790). 

Medium—Initially, the medium and method were those of Stokes e¢ al. 
(2). Subsequently photoelectric turbidimetry was adopted as the method 
of measurement because, among other reasons, it removes the limitations 
on the buffering capacity of the medium imposed by the acidimetric method. 
The endeavor to increase the range of linear response to increments of the 
limiting nutrient by minimizing changes of pH during growth and con- 
siderations regarding completeness! of the medium in terms of growth fac- 


* Aided by a grant from Mrs. L. Elizabeth Nax. Reported in part before the 
American Society of Biological Chemists, Chicago, May, 1947 (1). 

1 For present purposes a medium is termed complete with regard to a growth factor 
if its effective level is not changed by the addition of the material to be analyzed. 
When a medium is ready for sterilization and inoculation after its component volumes 
have been combined in the individual culture tubes, it is a finished medium. If it is 
prepared in bulk and placed into culture tubes in a single operation, it may be called 
a prepared medium. Media which, for analytical purposes or other reasons, contain 
certain components in submaximal amounts will be designated as limited media, and 
accordingly a specific medium which contains all of its components in maximal 
amounts is called a non-limited medium. The term basal medium adequately identi- 
fies the form in which a medium (usually limited) is made in bulk; i.e., usually at 
twice the concentration of the finished medium. 


451 














452 BACTERIMETRIC STUDIES. I 


tors led to the adoption of the provisional modified medium? shown in Table 
I. This medium differs from that of Stokes et al. (2) as follows: The glu- 
cose content is increased from 1.00 to 2.00 per cent; the 0.0066 m potassium 
phosphate buffer of pH 6.7 is replaced by 0.3 m sodium phosphate and, to 
satisfy potassium requirements (3), 0.005 m potassium phosphate buffer 
of pH 6.5; adenine, guanine, and uracil are replaced by a hydrolysate of 


TABLE | 
Composition of Modified Buffered Medium 








Constituent Amounts per culture tube (10 cc.) 
mM mg. 

Glucose | 200 
NaH2PO,-H.0 1.95 | 269.4 
Sodium acetate (anhydrous) 60.0 
(NH,)280, 6.00 
pL-Glutamic acid | 6.00 
KH:PO, | 0.0325 | 4.42 
K.HPO, | 0.0175 | 3.05 
Yeast nucleic acid + 10% thymine, hydrolyzed* 2.20 
MgS0O,:7H:0 | 2.00 
Glycine 2.00 


Alanine, aspartic acid, isoleucine, leucine, methionine, 


| 

phenylalanine, serine, threonine, valine (all pL) 2.00 (each) 
Arginine, cystine, histidine, hydroxyproline, proline, | 

tryptophan, tyrosine (all L) | se 
L-Lysine 1.00 
NaCl, FeSO,-7H:0, MnS0O,-4H,0 0.100 (each) 
L-Asparagine, L-glutamine 0.050 “ 
Nicotinamide | 0.010 
Pyridoxamine 0.0040 
Pantothenic acid, riboflavin, thiamine hydrochloride 0.0020 (each) 
p-Aminobenzoic acid 0.00040 
Biotin 0.000050 
Pteroylglutamic acid | 0.000020 








* 500 mg. of yeast nucleic acid (Schwarz Laboratories) and 50 mg. of thymine are 
digested with 5 cc. of 3 N HCl for 6 hours at 120° in a sealed tube. The dark filtrate 
is made up to 50 ce. 0.2 cc. of this solution is used for each 10 ce. of finished medium. 


yeast nucleic acid and thymine (as a substitute for not readily available 
thymonucleic acid); norleucine is omitted because it is apparently not a 
protein component (4), but may, on the other hand, act as a metabolic 
competitor of methionine (5); glutamic acid is increased from 2 to 6 mg. 


? Characterization of this medium in terms of analytical results will be the subject 
of another paper. 
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because it appears to have a favorable effect on generation time (6); biotin 
is increased twenty-five times because highly diluted solutions werefound 
to be extremely unstable and because 0.002 y seemed to be less than twice 
the amount required for maximal growth under our conditions;ammonium 
sulfate, asparagine and glutamine, and the change from nicotinic acid to 
nicotinamide are introduced as potential improvements in the light of re- 
cent developments (7). 

Sterilization—An experimental evaluation of the average precision of a 
single determination (titration of a single tube), when made according to 
Stokes e¢ al. (2), showed a standard deviation of 5 to 6 per cent, so that seven 
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Sterilizing Time (120°) | Minutes 


Fic. 1. Sterilizing time and acid formation. Seven sets of four tubes, containing 
10 cc. of a prepared non-limited Stokes’ medium, were separately sterilized at 15 
pounds steam pressure for periods ranging from 3 to 20 minutes. After inoculation 
of two tubes of each set, all were incubated (37-38°) and titrated. 


to ten determinations would be required to yield, for a single point, an 
average value with a standard error of +2 per cent. 

Fig. 1 summarizes the results of an experiment which shows that bacterial 
growth, as reflected in net acid production, is adversely affected by extended 
heating of the medium, thus suggesting that local variations in the intensity 
of heat sterilization may be causes of low reproducibility. Similar observa- 
tions have been reported by Hill and Patton (8). In the procedure finally 
adopted, as a result of these and other findings, the steam pressure of the 
sterilizer is kept at 15 to 17 pounds for not more than 2} minutes. This 
technique has proved to be completely adequate; in many dozens of experi- 
ments, no growth has been observed in uninoculated control tubes. 
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The experimental results shown in Table II? indicate that individual vari- 
ations in sterilizer action are not likely to give rise to more than minor dif- 
ferences in subsequent growth when the 2} minute procedure is employed. 

Photoelectric Measurement—Three aspects of the practicability of turbi- 
dimetric measurement are the availability of a suitable instrument, culture 
tubes of uniform bore, and the possible interference of color. As will be 
shown in detail, the photoelectric Coleman model 11 spectrophotometer 
possesses adequate accuracy and sensitivity, and the Coleman cuvettes 


TABLE II 


Effect of Individual Sterilizations on Subsequent Color Formation and Bacterial Growth 


| GroupA* | Group B* Group C* 





= RRS — | 


f | | } 
Sterilization | Time required to reach 15 lbs. | 40f 25 25 





| pressure, sec. 

| Total time at or above 15 Ibs. 165 , 170 170 

pressure, sec. 

_ Highest pressure reached, lbs. 17} : 2 183 

| per sq. in. ; 

| Cooling time (return of pressure | 10 10 10 
to 0), min. 


Incubation (wa- Optical density, mean values of 





ter bath, 4 tubes, with standard error | 
37.7°) After 22 hrs., inoculated |} 181 + 1 | 181 + 1 | 182 + 1 
«22 * uninoculated 36+ 2) 38+2) 35+ 1 
After 44 hrs., inoculated 320 + 2 | 322 + 2; 319 + 1 
«44 “ uninoculated (100+ 4/ 10641) 105 + 5 

‘Net value of bacterial turbidity 

22 hrs. 145 + 2| 148 + 2| 1474 1 
44 “ 220 + 4 | 216 + 2/ 214 + 5 
* All tubes contained 10 ec. of prepared modified medium limited by 12 7 of 


threonine. Each group consisted of eight tubes, four of which were inoculated 
¢ The sterilizer was cold in the beginning. 


(19 X 150 mm. round, selected) are of sufficient uniformity to permit their 
use as culture tubes which can be directly read in the instrument. 

Fig. 2 shows absorption spectra of a culture medium in the presence and 
absence of a protein hydrolysate. Condensed results of an experiment in- 
volving measurements at various wave-lengths and concerned with the 
effect of sterilization time and colors upon bacterial growth in turbidimetric 
terms are shown in Table III. Tubes containing a prepared non-limited 


3 All spectrophotometric values are reported in optical density units, 1000 X 
log Jo/I (Io = intensity of incident light, J = intensity of light after passage through 
the medium measured). 
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Fic. 2. Absorption spectrum of Stokes’ medium. Optical density readings of a 
standard culture tube (10 cc. of finished medium). O,5 cc. of basal medium (non-lim- 
ited), after 20 minutes sterilization; 0,5 cc. of the same medium and the neutralized 
hydrolysate of 2.9 mg. of tissue protein (selected because among six hydrolysates it 
had the deepest color); 5 minutes sterilization and 16 hours incubation. 





























TaBe III 
Gross and Net Optical Density Values of Bacterial Turbidities under Different 
Conditions 
| | Sterilization 
| Wave- 10 she 20 min. 
Incubation, 37-38° 
| ——E — 
2days | 4days | 2 days | 4 days 
See 
Total reading. ..............s0eeeeees | 400 | 1380 | 1580 | 1550 | 1740 
Net reading, I*.................066- 400 | 810 | 870 | 660 | 700 
“4 UR a ee | 400 | 910 | 1030 740 | 830 
Total reading........ sn ailid etigen OFS 1010 | 1170 | 1060 | 1280 
ee PO Beis. cis saat ce nanan 500 | 850 | 970 800 | 900 
= i |) Oe een 500 ' 890 | 1030 850 | 1000 
Total reading........ ' 700 730 | 8830 690 | 790 
Net reading, I. me 700 690 | 790 630 | 720 
ie II ee |} 700 | 690 | 790 650 | 750 





* Obtained by deducting color of non-inoculated tubes. 
t Obtained by deducting color of inoculated tubes after centrifugation. 


Stokes medium were sterilized at 15 pounds pressure for 10 and 20 minutes, 
respectively, and all except two tubes of each set were inoculated. The 
formation of color during both sterilization and incubation is evident, as is 
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the fact that the bacteria adsorb or consume some of the color of the med- 
ium; after centrifugation non-inoculated tubes show more color than inocy- 
lated ones. However, at 700 mu and with 10 minutes (or less) of sterili- 
zation, this difference becomes negligible. Therefore, readings were 
subsequently made at 700 my and color correction values were obtained 
from control tubes without bacterial growth. A tube containing water was 
used for zero adjustment and cultures were shaken before measurement to 
insure uniform suspension. 

Mechanical Factors Affecting Precision of Photometric Readings—An 
evaluation of the following five factors was undertaken: (a) reproducibility 
of individual spectrophotometric readings of transparent media, (b) uni- 
formity of the transmittancy of the glass of the tubes, (c) uniformity of the 




















TABLE IV 
Statistical Analysis of Mechanical Factors in Photometric Readings 
| 1 
_ vat Medium in optical path | Variate measured ues pe 
1 88 H.0 | Difference between 2nd and Ist 0 +1.8 
determinations for each tube 
2 21 | CuSO, “ cy | 488 | +1.3 
3 69 | H.O | Difference between readings of in- 0; +1.5 
| dividual tube and mean value of 
all tubes | 
4 59 | CuSO, ‘4 si | 487 | +2.3 
5 59 | Bacterial suspen-, ° ss | 486 | +2.9 





sion 
6 | 59 | CuSO, or bacte-| Difference between readings of | 487 +1.8 
rial suspension! individual tube with CuSO, | 

solution and bacterial suspen- | 

sion 





diameter of tubes as determined with a transparent medium or (d) with a 
bacterial suspension, and (e) reproducibility of readings of a bacterial sus- 
pension. The results of the measurements are summarized in Table IV. 
In these tests the tubes were filled with water, a copper sulfate solution, or 
a suspension of heat-killed bacteria. 

In the statistical analysis of the results the approximation formulas given 
by Daniels (9), involving the use of the term, K = +0.845/(n~/ n — 1), 
have been used. The standard error, M, is then equal to +1.48K,20u, 
and the standard deviation, m, is equal to +1.48+/ nK,2», where n is the 
number of measurements and =v the sum of the deviations from the mean. 

Within each series, the distribution of individual values was found to 
approximate closely that to be expected from a normal distribution (in the 








————E 


~~ 





statis 
+1m 
and 2 
ment. 
tion « 
tancy 
error. 
of tu 
Serie: 
cise t 
also | 
valid 

If « 
path) 
of tu 
than 

Pi; 
ume 
Sixte 
of sel 
2.004 

Ty 
wate 
ture) 
appa 
tube 

Cl 
enco 
turbi 
earli 
ings 
stud: 
Nacc 
num 
ador 
depe 
wate 


4} 


equa! 
pores 
of co 
of re 


— 


we 


—~—— 





G. TOENNIES AND D. L. GALLANT 457 


statistical sense (10)); 7.e., one-third of the values falls beyond the range of 
+1m, and one-twentieth exceeds the range of +2m. The data of Series 1 
and 2 indicate that in terms of optical density units the error due to instru- 
ment, human factor, and individual tube corresponds to a standard devia- 
tion of less than +2. According to Series 3, variations in the transmit- 
tancy of the glass of the individual tubes do not exceed the basic reading 
error. The results of Series 4 and 5 show that variations in the diameter 
of tubes contribute a small but definite additional error. According to 
Series 5, measurements of bacterial suspensions appear somewhat less pre- 
cise than those of transparent media. This is confirmed in Series 6, which 
also shows that tube calibration values obtained with copper sulfate are 
valid for bacterial readings. 

If one uses a supply of tubes showing normal distribution in size (optical 
path) with a standard deviation of approximately +0.5 per cent, variations 
of tube size will not, in the average, introduce an error appreciably larger 
than that inherent in the spectrophotometric reading itself. 

Pipetting and Evaporation—In actual analytical work, a composite vol- 
ume of, usually, 10 cc. is measured into each tube by several pipettings. 
Sixteen 2 cc. portions of water, delivered from different parts of the scale 
of serological pipettes of 5 cc. capacity, averaged, according to their weights, 
2.004 cc., with a standard deviation of +0.015 cc. 

Twelve tubes containing growing 10 cc. cultures kept for 24 hours in the 
water bath at 42° (7.e. several degrees above the usual incubation tempera- 
ture) lost by evaporation 2.13 + 0.34 (s.p.) per cent of their weight. It is 
apparent that these two sources of error remain in magnitude below that of 
tube dimensions. 

Cleaning of Tubes—In the course of actual assay studies instances were 
encountered periodically of single tubes being far behind their expected 
turbidity values when readings were taken after 20 hours of incubation or 
earlier. In most cases the anomaly had disappeared when additional read- 
ings were taken 24 or more hours later. As a result of these observations a 
study was made of cleaning methods. Washing with a dilute solution of 
Nacconol (a long chain alkyl aryl sodium sulfonate detergent) followed by 
numerous rinsings had been the initial practice. The following procedure, 
adopted as a result of many experiments, has consistently proved to yield a 
dependable supply of clean tubes. The used tubes are washed with tap 
water, drained, and submerged in cleaning fluid‘ and kept on the steam bath 


‘A simple method of preparing this solution is as follows: Make a hot solution of 
equal weights of water and sodium dichromate. To this solution, placed in a large 
porcelain pot, add, with stirring (and great care), approximately 11 times its weight 
of concentrated sulfuric acid. This solution is used repeatedly until the green color 
of reduced chromium becomes noticeable. 
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overnight. After removal of the cleaning fluid by thorough rinsings with 
tap water and at least one rinsing with distilled water, the tubes are sub- 
merged in distilled water in covered beakers and autoclaved at 15 pounds 
pressure for 20 minutes. 

Incubation Temperature; Air Incubator versus Water Bath—The tempera- 
ture dependence of the growth rate of the organism used has been made the 
object of a separate investigation, begun after completion of the experi- 
ments here described. In accordance with prevailing practice an incuba- 
tion temperature of approximately 37-38° has been used throughout the 
present work. However, when it appeared that, in the incubator used (a 
Hearson anhydric electric of 20 X 20 X 24 inches inside dimensions), rea- 
sonable temperature uniformity, as measured in terms of bacterial growth, 
exists only within a narrow space, a comparison was made of three different 
facilities: System A, the Hearson incubator, with the shelf placed at med- 
ium height, occupied by six wire racks, each of an area of 103 X 4} inches, 
providing a total of 240 test-tube spaces; System B, a modern incubator 
with forced air circulation provided by a twin blower system (three of the 
40 tube racks were placed on the top and three similar racks on the bottom 
shelf); and System C, a constant temperature water bath assembled in the 
laboratory. This bath consists of a 36 X 13 X 16 inch aquarium tank and 
the requisite accessories: a high speed electrical stirrer, a 500 watt immer- 
sion heater, an adjustable mercury thermostat, a mercury plunger relay, 
and ledges for the support of five 40 place wire racks. For reasons of cir- 
culation all positions adjoining the walls of the tank are left vacant. Dur- 
ing operation the bath is covered with roof-shaped pieces of sheet aluminum, 
and the water level is automatically maintained 4 inches above the bottom 
of the tubes. 

The tests were run by charging a large number of tubes with prepared 
modified medium limited by 12 y of threonine. The tubes were uniformly 
distributed throughout the racks, with empty tubes placed in the unused 
spaces. In the water bath (System C) all spaces were thus occupied, but 
in the air incubators (Systems A and B) only every second space was filled 
chess-board fashion in order to permit free circulation of air. All tubes 
were removed after approximately 22 hours and, after readings were taken, 
returned to be read again after a total of 44 to 48 hours of incubation. The 
results given in Table V show that readings are consistently more homo- 
geneous after the second period of incubation and that the water bath gives 
substantially more uniform results than the air incubators. Possible errors 
arising as a result of additional growth taking place while the tubes are 
being read are eliminated by reading the series forward and backward and 
taking averages. Comparison of the data of Tables IV and V shows that 
after 2 days of incubation in the bath the degree of consistency of readings 
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approaches that to be expected from the operation of the non-living vari- 
ables. 

Inoculum—In the practice of microbiological assay it is customary to pre- 
pare a fresh inoculum for each day’s work. Nevertheless, with identical 
media and identical conditions, identical amounts of growth are not gen- 
erally expected in separate experiments. This lack of reproducibility may 
be attributed to uncontrollable day to day variations in the composition of 
the medium, in chemical changes incident to sterilization, in temperature 
and time of incubation, or in the biological activity of the bacteria. After 
the conditions of sterilization and incubation had been standardized, the 
question of the variability of inocula was examined. 









































TaBLE V 
Results of Comparisons of Incubation Systems 
| | | No. of deviations exceeding 
j | 
Range of 
| Period p | &lsop +2S.D 
System | Tied letincu-| Tentiogt | Avermper eens , 
| | bation density | & | > | 
| | o ~ © 7 
| fee] 3 1u8] 8 
| jae) jae) 
: ae | i | 
| | | 
A. Hearson incuba- | 48 | 22 | 138-186 | 172.6 + 11.1 | 16 | 15 | 9 | 3 
tor | 48 | 241-272 | 250.3 + 7.6 — | 3) | 2 
B. Circulating air 46 | 22 | 121-155 | 1388.0 + 8.5 | 15 | 12 | 9 0 
incubator —| | 44 | 220-254 | 242.9 5.2/ "| 16 ie 
C. Water bath | 40 | 22 | 161-177) 167.8 + 4.0 | 13 | Mi 5 iw 
| 46 | 220-231 | 226.1 + 3.3 | Ma hel 





* According to ‘‘normal distribution.” 


We have stored and subcultured agar cultures of Streptococcus faecalis in 
the manner described by Stokes and Gunness (11). In order to study the 
effect of storage of the inoculum on the resulting growth the experiments 
described in Fig. 3 were undertaken. A slow decrease of growth potential 
of the inocula as a result of their cold storage is evident; the rate of this 
decrease, measured in terms of the resulting 16 hour growths, is approxi- 
mately 3 per cent per day, and in terms of 22 hour growths, 1 per cent per 
day. The standard deviations within each set of eight tubes averaged +3 
after 16 hours of incubation and +2 after 22 hours, and apart from slightly 
lower net growth no disadvantage seems to accrue from the use of stored 
cultures. An earlier statement concerning the advantage of the use of aged 
inocula (1) must be withdrawn. 

In view of these observations, it became of interest to consider the effect 
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of the age of the parent agar culture on the growth potential of derived 
inoculation cultures. Accordingly, bouillon subcultures were made from 
five different agar cultures which had been stored at +4° for different peri- 
ods ranging from 0 to 96 days. The bouillon cultures were incubated for 
periods of 7 or 24 hours and, after determination of the resulting optical 
density, were centrifuged, washed as usual, and then diluted with water, 
so that suspensions of somewhat similar concentrations resulted. Four 10 
ce. portions of prepared standard medium (12 y of threonine) were inocu- 
lated with each of these suspensions, the tubes were simultaneously in- 
cubated in the water bath, and readings were taken after 22 and 44 hours. 


200 T T T T 





T T ’ T t ' 
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© Days of Storage S ” 





Fic. 3. Influence of storage on inoculum. Stab cultures from agar were grown in 
bouillon medium (8 cc.) and the resulting cultures were centrifuged, washed with 
saline, again centrifuged, decanted, and stored at +4°. After dilution with 50 ce. 
of water, single drops were added to 10 cc. portions of prepared modified medium 
limited by 12 y of threonine and sterilized 2} minutes. Optical density readings were 
taken after 16 to 17 hours (round symbols) of incubation (37-38°) and after 22 to 25 
hours (square symbols). The open symbols show results of a series of inocula grown 
for 6 hours; the solid symbols refer to another series which were grown for 24 hours. 


The results are summarized in Table VI. Apparently the cold storage of 
agar cultures for more than 3 months has no significant effect on the growth 
potential of their bacterial progeny, although the agar-stored bacteria them- 
selves show a marked loss in early activity. 

Because of the observed tendency for readings to become more uniform 
with increasing time of incubation (at least up to about 60 hours), it seemed 
of interest to determine to what extent the size of the inoculum may be a 
factor in this connection. The experiment described in Fig. 4 shows that 
during the terminal stages of growth, when the residual concentration of 
the limiting nutrient presumably becomes a rate-controlling factor, the bac- 
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TaBLe VI 
Growth Potential of Inocula Derived from Agar Cultures of Different Agé 





| 
\Inoculated synthetic medium (12 7 thre- 
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ne , ie ee mails, meres 
or « Tarebidtion | Extent of Water used for 
thos | growth, optical dilution of After 22 hrs. After 44 hrs. 
density washed culture 
ae | bes. | ce. | 
96 24 | 790 100 150 + 1 201 + 1 
89 24 | 770 100 149 + 1 202 + 1 
66 24 770 100 150 + 1 202 + 1 
66 7 200 25 148 + 2 204 + 2 
41 24 8€©6| ~—780 100 151 + 1 206 + 1 
0 t 720 100 1652+ 1 202 + 2 
aso} INOCULUM» E D Cc B 
260} 
220} 
AL 
S 
200} 
as a a a eC a 7 





BACTERIAL CONCENTRATION 


Fia. 4. Influence of size of inoculum. A freshly grown 20 hour bouillon culture 
was centrifuged, washed, and diluted with 10 cc. of water. Of forty-five tubes 
containing prepared modified medium (12 y of threonine; sterilized 2} minutes) 
nine were inoculated with single drops of this suspension (Inoculum A). By suc- 
cessive dilutions with 2 volumes of water, Inocula B, C, D, and E were obtained 
so that the consecutive bacterial concentrations were approximately in the ratio 
of 81:27:9:3:1. The abscissa units are logarithms of the bacterial concentrations 
of the inocula; optical densities were measured after 22 and 44 hours of incubation 
(water bath, 37.7°). The symbols represent mean values with their standard errors. 


terial density attained bears an approximately linear relationship to the 
logarithm of the quantity of inoculum, and that the influence of inoculum 
size decreases as growth approaches asymptotically the depletion level. 
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This finding is consistent with the conclusion of Harrington (12) that the 
lag period, i.e. the time required to reach visible turbidity, is a linear fune- 
tion of the bacterial count at inoculation. For the middle inoculum con- 
centration (which corresponds approximately to the usual practice), and 
for the medium used, doubling or halving of the inoculum would change 
the optical density value at 22 hours by about 1.5 per cent and at 44 hours 
by about 0.6 per cent. Accordingly, ordinary variations in the size of in- 
dividual inoculation drops can hardly be sources of significant variations 
in the analytical results. 

On the basis of the foregoing the following procedure is proposed for the 
preparation of an inoculum of practically constant properties. A 6 hour 
culture in bouillon is grown from a suitable agar inoculum, the resulting 
optical density is measured, and, after centrifuging and washing the cells 
with water, the fresh inoculum is diluted with an amount of sterile water 
which in cc. is approximately one-tenth of the optical density; e.g., for a 
suspension of 650 optical density 65 cc. of water are used. 

For large numbers of inoculations, it is convenient to use a device made 
by sealing a stop-cock to one end of the bulb of a broken 25 cc. pipette 
and drawing out the other end to a fine tip, so that the whole piece is not 
longer than 9 inches. In use it is clamped at an angle about 20° above 
the horizontal position, and the stop-cock is adjusted to a convenient drop 
rate. 


SUMMARY 


The influence of experimental variables upon the growth of Streptococcus 
faecalis in synthetic media has been investigated with the following results: 

1. Heat sterilization per se may contribute to the titratable acidity of 
a synthetic medium and at the same time adversely affect subsequent 
growth. Heating for 2} minutes at 15 pounds steam pressure is sufficient 
for effective sterilization of the synthetic media investigated. 

2. In photoelectric turbidimetry of bacterial cultures, errors due to color 
effects are smallest at wave-lengths near 700 mu. Color differences which 
exist between non-inoculated and inoculated but otherwise identical media 
after incubation become negligible when the sterilization time is shortened 
and readings are taken at 700 mu. 

3. A distribution pattern among the optical diameters of selected culture 
tubes corresponding to a standard deviation of +0.5 per cent adequately 
matches the precision of turbidity measurements obtained with the Coleman 
model 11 spectrophotometer. 

4. Culture tubes are consistently freed of biologically effective traces of 
impurities when they are treated with chromic-sulfuric acid, and subsequent 
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washings are terminated with at least one 20 minute period of heating in 
water at 120°. 

5. The range of variations in bacterial growth occurring among identi- 
cally charged tubes can be reduced to about one-third by the use of a con- 
stant temperature water bath in place of a convection-type air incubator. 
In a water bath under optimal conditions, growth variations are less than 
twice as large as the variations in readings imposed by instrumental pre- 
cision. 

6. Refrigerator storage of agar cultures or of washed organisms grown 
in liquid cultures results in a slow linear decrease in the amount of growth 
induced in a standard medium by inocula taken from the stored cultures. 

7. When organisms from freshly grown cultures serve as the inoculum, 
the ensuing growth is the same under standard conditions, regardless of the 
age of the parent culture of the inoculum. 

8. Ordinary variations in drop size occurring in single drop inoculation 
are negligible as sources of experimental error. 
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Glycine and other a-amino acids in very low concentration increase the 
activity of tissue phosphatases, whereas there have been indications that 
in higher concentrations they appear to decrease it (1). It was recently 
shown that glycine, in concentrations higher than the 0.006 m necessary for 
optimal activity, inhibited the action of bone and intestinal phosphatases, 
the former in an entirely non-competitive manner and the latter, largely so 
(2). The inhibition was found to be dependent on the presence of the free 
carboxyl and amino groups of glycine. Esterification of the carboxyl group 
reduced the inhibition to about one-half the value obtained with glycine and 
the introduction of methyl groups into the amino group decreased the 
inhibition even more markedly. 

These findings naturally raised the question as to the extent to which 
other a-amino acids might inhibit phosphatase activity. The present paper 
is concerned chiefly with the study of the inhibitory effects of pL-alanine, 
of the basic amino acids, L-lysine and t-histidine, and of the dicarboxylic 
L-glutamic acid on the activity of intestinal, bone, and kidney phosphatases. 


EXPERIMENTAL 


The methods for preparing dialyzed phosphatase extracts and for measur- 
ing their activity have been described previously in detail (3).. In most 
of the experiments reported in the present paper, the concentration of 
enzyme preparation was 12.5 per cent by volume of the hydrolysis mixture; 
that of the substrate, sodium §-glycerophosphate, was in the maximal 
range, 0.0127 or 0.0254.m. The concentration of the buffer, sodium diethyl 
barbiturate, was 0.5 gm. per 100 ce. of hydrolysis mixture or 0.024 m. In 
accordance with considerations previously presented (3), concentrations of 
0.01 m magnesium ion and 0.006 m glycine were present in order to obtain 
optimal enzyme activity. Each determination of phosphatase activity was 


* Supported by a research grant from the United States Public Health Service. 
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carried out at optimal alkaline pH, assured by running a series of hydrolyses 
constituting a very closely spaced pH-activity curve in and about the 
optimal range. The reaction velocities were determined from the amount 
of phosphorus liberated as inorganic phosphate per cc. of hydrolysis mix- 
ture at three time intervals, spaced as equally apart as possible, during the 
zero order portion of the hydrolysis and were expressed as micrograms of 
phosphorus per cc. per minute. The liberated inorganic phosphate was 
determined by the method of Fiske and Subbarow (4) after assurance had 
been gained that the colorimetric readings were not affected by the con- 
centrations of the a-amino acids employed. All hydrolyses were con- 
ducted at 25° in a water thermostat regulated to within 0.01-0.05°. The 
a-amino acids were of reagent grade and were from the following sources: 
Fisher, Eastman Kodak, Pfanstiehl, and Merck.! The a-amino acids were 
made up in solutions which were adjusted to about pH 9.0. For any 
particular series of experiments designed to characterize the inhibitory 
effect of a particular amino acid on a phosphatase preparation, reaction 
velocities were usually determined in the presence of from four to seven 
different concentrations of the a-amino acid. Several bone and intestinal 
and one kidney phosphatase preparations were used in the course of this 
work. Other techniques are described in connection with specific experi- 
ments. 


Results 


Reversibility of a-Amino Acid Inhibition—In the course of earlier work 
(1) it was pointed out that intestinal and kidney tissues have considerable 
autolytic capacity and that their crude extracts, therefore, probably contain 
relatively high concentrations of proteolytic products, including a-amino 
acids. Observations on the relationship between the concentrations of such 
preparations and their rates of reaction as well as the finding that dialysis 
increased their phosphatase activity indicated that the inhibition by pro- 
teolytic products was reversible. However, more definite proof is offered 
in Table I. It may be seen that a concentration of 0.12 m pi-alanine in the 
final hydrolysis mixture reduced the phosphatase activity of an intestinal 
preparation to 25 to 31 per cent of its original activity. Dialysis resulted 
in an increase of the enzyme activity; so that at the end of 24 to 28 hours it 
was 73 to 83 per cent of the activity of a sample of the uninhibited phos- 
phatase preparation which had been dialyzed under similar conditions. 
Again, a concentration of 0.0025 m L-histidine decreased the phosphatase 
activity to 20 per cent of the uninhibited activity; dialysis restored it to 60 
per cent. 

' We are indebted to the Department of Biochemistry, Cornell University Med 
ical College, for a sample of L-lysine. 
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Expression of Degree of Inhibition by a-Amino Acids—It was previously 
shown that the inhibition of bone phosphatase by glycine was non-com- 
petitive (2). The extent of such inhibition may be expressed in accordance 
with the following transposition of the Michaelis-Menten equation (5, 6) 


I 
Wo (1) 
V 


K';= 





where Vo is the reaction velocity in the absence of any inhibitor and V is 
the velocity at the concentration, J, of the inhibitor. K’;, the dissociation 


TABLE | 


Reversal of Amino Acid Inhibition of Phosphatase Activity 

A rat intestinal phosphatase was mixed with a solution of the amino acid or an 
equivalent amount of distilled water. The initial activities of the phosphatase- 
water and phosphatase-amino acid mixtures were determined and each mixture then 
dialyzed against several changes of distilled water. Samples were drawn from 
dialysis bags at the times shown and the activities determined. Test hydrolyses 
were run at 25° with 0.0254 m sodium 8-glycerophosphate, optimal pH, magnesium, 
and glycine concentrations. Corrections made for dilution of contents of dialy- 
sis bags. 








Activity; P liberated as fake) pene 
| inorganic phosphate per cc. |Ratio of activity 
| per min, in | of enzyme- 











Experiment No. | aaa __ eee 
Enzyme- | Enzyme- | enzyme-water 
water | aminoacid mixture 
mixture mixture 
hrs. Y | ¥ | per cent 
1. Initial concentration of 0.48 m pL- | 0.92 0.23 25 
alanine diluted to 0.12 m in test; | 3} | sO0..81 0.29 | 36 
dialysis at room temperature 24 «=| (0.66 0.48 | 73 
2. Initial concentration of 0.48 M DL- | 0 0.89 0.28 31 
alanine diluted to 0.12 m in test; | 28 | 0.77 0.64 83 
dialysis at ice box temperature | 
3. Initial concentration of 0.021 M L- | 0 | 0.76 | 0.15 20 
histidine diluted to 0.0025 m in test; 71 0.67 0.40 60 


dialysis at ice box temperature 


constant of the assumed enzyme-inhibitor complex, is independent of the 
substrate concentration. The inhibition of intestinal phosphatase by 
glycine is largely, though not entirely, non-competitive in type (2). In the 
range of near maximal or maximal substrate concentrations, 0.0127 to 
0.0254 m sodium £-glycerophosphate, and at concentrations of glycine 
greater than about 0.03 M, the inhibition is usually over 95 per cent non- 
competitive in type. 
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Although it was not feasible to establish, as precisely as had been done 
for glycine, the extent of non-competitive inhibition for each a-amino acid 
and each tissue phosphatase employed, a few experiments indicated that, 
at the higher substrate concentrations used in this study, the inhibition wag 
either completely or practically non-competitive and that, therefore, 
Equation 1 might be used to define the extent of such inhibition. It wag 


found, for example, that pt-alanine inhibited bone phosphatase entirely in | 


a non-competitive manner and that the inhibition of intestinal phosphatase 
activity by pL-alanine, L-glutamic acid, and u-histidine was non-competitive 
at the higher concentrations of substrate, 0.0127 to 0.0254 m sodium 8. 
glycerophosphate. 


TABLE II 
Inhibitory Effect of Glycine on Activity of Phosphatases 
Reaction velocities determined under optimal conditions and at 0.0127 m sodium 
8-glycerophosphate, except for preparation RIL-d, in which the concentration was 
0.0254 m. Extent of inhibition expressed in accordance with Equation 1 (see the 


text): K’, = I/((Vo/V) — 1). For each K’; value, reaction velocities determined 
at six to nine concentrations of glycine. 





! 


Source Preparation | SemnOeaa: Sree 
mole perl, 

Intestinal phosphatase, rat...... RIK-d 0.050 
“i “- Serr RIL-d 0.060 

ie ds human. MID-d 0.075 

2 PES ao | “ 0.047 
Bone phosphatase, cat CaBA-d 0.049 
7 wo Sowea " 0.035 
Sees Vs Re RBM-d | 0.039 





The value of A’; was obtained by plotting the relative reaction velocities, 
that is, the velocities expressed as per cent of the velocity in the absence of 
inhibiting amino acid, against the negative logarithms of the concentrations 
of the amino acid. From the curves thus obtained, which were linear in 
form except at the extreme upper and lower limits, K’; was readily deter- 
minable, in accordance with Equation 1, as that concentration of amino acid 
which gave a reaction velocity equal to 50 per cent of the velocity in the 
absence of inhibitor. The units of K’; are moles per liter. 

Inhibitory Effects of Glycine and pu-Alanine—It was previously found (2) 
that the value of K’, for the inhibitory action of glycine on a rat bone 
phosphatase, preparation RBM-d, was 0.039. In Table II are shown 
additional determinations of the inhibitory effect of glycine on cat bone 
phosphatase and on human and rat intestinal phosphatases. There was 
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some variation in the values for K’; which may in part have been due to the 
source of glycine, since with the same bone phosphatase, CaBA-d, and with 
the same intestinal phosphatase, MID-d, the Pfanstiehl product gave a 
somewhat lower value than did the Eastman product. There appeared to 
be no significant difference between the values for K’; for the intestinal 
preparations and those for the bone preparations. The average value of 
K', for the inhibitory effect of glycine in these seven series of experiments on 
five phosphatase preparations was 0.051 (s.p. = 0.013). 

Table III shows the results of eight series of experiments on the effects 
of pL-alanine on the activity of cat bone, rat bone, rat intestinal, human 
intestinal, and rat kidney phosphatases. The values of K’; for the bone 


TABLE III 


Inhibitory Effect on pu-Alanine on Activity of Phosphatases 
Conditions and calculations as described in Table II. Concentration of sodium 
6-glycerophosphate 0.0127 m, except where noted. For each K’; value, reaction 
velocities determined at four to seven concentrations of DL-alanine. 














Source Preparation RS eee 

mole per l. 
Intestinal phosphatase, human.............| MID-d 0.107 
“ “ E96 Lh <a on te vg 0.096 

“ “ ee eee v2 RIL-d 0.144* 
rT ‘“ Hie gs a “ | 0.132 
Bone phosphatase, cat........ s agabatec ae CaBA-d 0.090 
e “ eM Se ee = 0.124 

= Perey Pia eee RBM’-d 6 .096* 

Kidney phosphatase, rat................... RKA-d 0.076* 











* Concentration of sodium 8-glycerophosphate 0.0254 m. 


phosphatases did not appear to differ significantly from those for the 
intestinal phosphatases. The average value of K’, for the bone and 
intestinal phosphatase inhibition by pL-alanine was 0.113 (s.p. = 0.021). 
The value of K’; for one series of experiments on the inhibition of rat 
kidney phosphatase by pL-alanine was 0.076. 

Inhibitory Effects of u-Glutamic Acid, u-Lysine, and t-Histidine—In order 
to explore further the inhibitory effects of a-amino acids, it was decided to 
study the dicarboxylic L-glutamic acid and the two basic amino acids, 
L-lysine and t-histidine. Table IV shows, first, that the inhibitory effects 
of t-glutamic acid on rat intestinal phosphatase, of L-lysine on rat bone 
and kidney phosphatases, and of t-histidine on intestinal, bone, and kidney 
phosphatases are of a higher order of magnitude than those of glycine or 
DL-alanine on these enzymes. Secondly, there is a distinct difference 
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between the magnitude of these effects on bone and kidney phosphatases, 
on the one hand, and those on intestinal phosphatase, on the other. Thus, 
the K’, values, 0.030, for the inhibition of three different rat intestinal 
phosphatases by glutamic acid were lower than those, 0.088 to 0.129, for 
rat bone or rat kidney phosphatases. For the inhibition by the two basic 
amino acids, L-lysine and t-histidine, the situation was reversed, the values 
of K’, being definitely higher for the intestinal preparations than for the 
kidney or bone phosphatases. For example, the values of K’, for the 


TaBLe LV 
Inhibitory Effects of u-Glutamic Acid, u-Lysine, and u-Histidine on Activity 
of Phosphatases 
Conditions and calculations as described in Table II. Concentration of sodium 
3-glycerophosphate 0.0254 m, except where noted. For each K’; value, reaction 
velocities were determined at three to five concentrations of amino acid. Rat 
tissues were used. 


Dissociation constant, K‘’y 


Source Preparation ee 
a an 1-Lysine L-Histidine 
mole perl, mole perl. mole perl. 
Intestinal phosphatase RIM-d 0.030 0.141 0.0064 
RIK-d 0 .030* 
RIO-d 0.030 0.085 
RIN-d 0.059 
RIL-d 0.0063 
Fs 0.0060* 
Bone phosphatase RBN-d 0.100 0.0105 0.0022 
RBM’-d 0.0091 0.0034 
RBO-d 0.129 
RBM-d 0.088 


Kidney phosphatase RKA-d 0.100 0.0093 0.0028 


* Concentration of sodium 8-glycerophosphate 0.0127 m. 





inhibition of three different rat intestinal preparations by L-lysine were 0.06 
to 0.14, whereas the values for the inhibition of the two bone and one kid- 
ney phosphatases were 0.009 to 0.010. Most striking of the inhibitory effects 
obtained were those by t-histidine. The values of K’; for this amino acid 
were 0.006 for rat intestinal phosphatases and 0.002 to 0.003 for bone and 
kidney phosphatases. The differences between the action of L-glutamic 
acid and t-histidine on a rat intestinal phosphatase, RIM-d, and a rat bone 
phosphatase, RBN-d, as well as the magnitudes of these effects, are illus- 
trated in Fig. 1, where the relative reaction velocities at the various con- 
centrations of the amino acids are shown. 
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Possible Réle of Incidental, Non-Phosphatasic Components on Inhibitory 
Effects of Amino Acids—The possibility existed that the inhibitory effects 
observed might be caused by the presence of traces of heavy metal ions, 
such as mercuric or cupric, in the amino acids. Saturation with hydrogen 
sulfide of solutions of 1.0 M pL-alanine, 1.0 m glycine, 0.23 m L-histidine, or 
0.35 M L-lysine resulted in no or only very faint darkening of the solutions. 
These concentrations of amino acids were much higher than those which 
gave appreciable inhibition. Yet concentrations of 0.00125 m mercuric or 
cupric ions which, as shown previously (3) or in the course of this work, 
inhibited phosphatase activity only about 10 to 20 per cent yielded intensely 














L-GLUTAMIC L-HISTIDINE 
Percent 
Intestinal phosphatase, RIM-d | 
100 7 
Pa 
> 
3 50r & K’ ,*0.030 7 = K’; 0.0064 
| 
: | 
“ OK- 1 ee | ah 1 i 4 
z Bone phosphatase, RBN-d | 
3 | 
a 100 }- a a 
. 
50F fons 0.100 b af K’ ,-0.0022 | 
0 L L 1 L 1 1 od — —ll 











10 20 30 10 2.0 30 

Negative log molar concentration of amino acid 
Fic. 1. Relative activities of bone and intestinal phosphatases in presence of 
varying concentrations of L-histidine and L-glutamie acid. The dissociation con- 
stant, K’,, of the phosphatase-amino acid complex is equal to //((Vo/V) — 1) and 
represents that concentration of amino acid at which 50 per cent inhibition occurs. 


dark suspensions of the metallic sulfides on saturation with hydrogen sulfide. 
Moreover, concentrations of 1.25 X 10-° mM mercuric and cupric ions which 
gave faint but definite darkening on saturation with hydrogen sulfide 
exerted no inhibitory effect on phosphatase activity. There was therefore 
little likelihood that at the concentrations of amino acids at which inhibi- 
tion occurred enough mercuric or cupric ion was present to account for any 
portion of this inhibition. 

The possibility also existed that the extent of inhibition was influenced 
by the presence of substances in the phosphatase preparations other than 
the active phosphatasic components. It might be conceived, for example, 
that intestinal phosphatase was not inhibited by t-lysine to the same extent 
as bone or kidney phosphatase because there was some protein or other 
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component in the intestinal phosphatase preparation which interacted 
with this amino acid and thus reduced the amount available for interaction 
with the active enzyme. Although rigorous exclusion of this possibility 
can only be achieved by isolating each tissue phosphatase in pure form, 
indirect methods may be used to determine whether non-phosphatasic 
substances present in these tissue extracts are responsible to any significant 
degree for the characteristic inhibition of the various tissue phosphatases, 
These methods are similar to those previously employed (3) to show that 


TABLE V 


i ffect of Adding Heat-Inactivated Tissue Phosphatase Preparation on Inhibition of 
Phosphatase Activity by u-Lysine 
Tissue phosphatase preparations were heated to 70° for 4 hour to destroy enzyme 
activity and then added to the active phosphatase preparation as shown in the table. 
Concentration of L-lysine in final hydrolysis mixture 0.0123 m for RIN-d and RBN-d, 
0.0183 m for RIM-d, and 0.0108 m for RKA-d. Concentration of sodium 8-glycero- 
phosphate, 0.0254 m, and other conditions optimal, as described in the text. 








Reaction velocity 





iAs P liberated as| 
inorganic phos- 





Source Active phosphatase (Inactivated phosphatase phate per cc. per As fraction 
min. of uninhib- 
ited veloc- 


ity 


| No Lysine 
| lysine present 


yy | per cent 








Intestinal preparation, 12.5% RIN-d None 1.85; 1.02| 76 
active 2.5% * 12.5% RBN-d | 1.19 | 0.95 80 
12.5% RIM-d None 0.82 | 0.70 85 

12.8%.  * 12.5% RBN-d_ | 0.80 | 0.64 80 

Bone preparation, | 12.5% RBN-d None 0.90 | 0.42| 47 
active 12:5%. “ 12.5% RIN-d | 0.91 | 0.43 | 47 
Kidney preparation, 12.5% RKA-d None 1.42 | 0.84*| 59 
active 12.5%  “ 12.5% RIO-d 1.44 | 0.81 | 56 


* Extrapolated from inhibition curve of rat kidney preparation. 


the inhibition of bone and kidney phosphatases by bile acids and the lack 
of inhibition of intestinal phosphatase were not dependent on the presence of 
non-phosphatasic components in these preparations. 

Table V shows that 0.0123 m L-lysine reduced the activity of rat in- 
testinal phosphatase, RIN-d, to essentially the same extent, about 80 per 
cent of the uninhibited velocity, whether heat-inactivated rat bone phos- 
phatase was present or absent. On the other hand, this concentration of 
L-lysine reduced rat bone or rat kidney phosphatase much more markedly, 
to about 50 per cent of the uninhibited velocity, and this degree of inhibi- 
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tion was not affected by the presence of heat-inactivated intestinal phos- 
phatase. 

If non-phosphatasic components do not appreciably influence the inhibi- 
tion, then a mixture of two phosphatases, each of which is inhibited to a 
characteristic degree by a given amino acid, should be inhibited to an extent 
which is the mathematical resultant of each of these inhibitions. Three 
such experiments are shown in Table VI. To illustrate, the reaction 
velocities of a 12.5 per cent concentration of rat intestinal phosphatase, 
RIN-d, as may be seen from Table V, were 1.35 y of P per cc. per minute 
without inhibitor and 1.02 y of P per cc. per minute in the presence of 0.0123 
mu-lysine. The corresponding values for a 12.5 per cent concentration of 
rat bone phosphatase, RBN-d, were 0.90 y and 0.42 y of P per cc. per minute, 


TaBLe VI 
Inhibitory Effect of u-Lysine on Activity of Mixtures of Different Tissue Phosphatases 
Activities determined under optimal conditions as described in the text. Concen- 
tration of sodium 8-glycerophosphate 0.0254 m. Calculations of expected velocities 
described in the text. 























Reaction velocity as P 
| liberated per cc. per min. As fraction of 
| comme : uninhibit 
Composition of mixtures ‘tration of| In absence of In presence of aeseed 
| L-lysine lysine | lysine 
ICaleu-| Ob- [Calcu-| Ob- | Calcu-| Ob- 
| lated |served| lated served) lated | served 
a | M 7 Y Y Y \per cent | per cent 
12.5% RIN-d + 12.5% RBN-d........0.0123 2.25 |2.02 |1.44 [1.33 | 65 | 66 
6.25% RIM-d + 6.25% RBN-d........:0.0083 0.86 0.81 0.64 0.57 | 74 | 70 


6.25% RIO-d + 6.25% RKA-d...... 0.0108 1.20 1.07 0.87 0.73 | 72 | 68 








respectively. The calculated reaction velocities of a mixture containing 12.5 
per cent of each of these phosphatases were 1.35 + 0.90 or 2.25 y of P per cc. 
per minute in the absence of inhibitor and 1.02 + 0.42 or 1.44 y of P per ce. 
per minute in the presence of 0.0123 m L-lysine, or 65 per cent of the calculated 
uninhibited reaction velocity. The reaction velocities observed for the mix- 
ture were 2.02 y of P per ce. per minute in the absence of, and 1.33 y of P per 
ec. per minute, or 66 per cent of the uninhibited observed value, in the presence 
of L-lysine. In this instance, as in the others shown in Table VI, there was 
fairly good agreement, within experimental error, between the observed 
reaction velocities of the phosphatase mixtures and the velocities calculated 
on the basis that L-lysine exerted its characteristic inhibitory effect on each 
of the active phosphatase components and that this effect was not signifi- 
cantly influenced by the presence of non-phosphatasic components. 
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DISCUSSION 


The present investigation has shown that a number of a-amino acids 
inhibit bone, kidney, and intestinal phosphatases. There is evidence to 
indicate that inhibition of enzyme activity by a-amino acids may be a more 


general phenomenon. Abderhalden, Rindtorff, and Schmitz (7) noted that | 


a-amino acids inhibited tryptic and ereptic activity, although this observa- 
tion may, of course, be explained in terms of the retardant effect which 
reactant products generally exert. However, Edlbacher and Zeller (8) 
found that glycine, alanine, and lysine inhibited arginase activity and 
Girsavicius, Efendi, and Ryzhowa (9) reported that the enzymic conver- 
sion of methylglyoxal to lactic acid was inhibited by concentrations of ap- 
proximately 0.02 m tryptophan, glutamic acid, aspartic acid, arginine, and 
histidine, but that similar concentrations of glycine, alanine, and leucine 
were without effect. More recently, Hunter and Downs (10) found that 
the action of arginase upon arginine at pH 8.4 was inhibited by all a-amino 
acids of the naturally occurring L configuration, but not by p-a-amino 
acids, amino acids having the amino group in other than the a position, 
urea, or native protein. 

In studying the mechanism of the inhibition of bone and intestinal 
phosphatases by glycine, Bodansky (2) observed that the inhibition was 
dependent on the presence of the free carboxy] and amino groups of glycine. 
Glycine ethyl ester inhibited about only half as much as glycine, and mono- 
methyl- and dimethylglycine had still less inhibitory effect. These findings 
as well as those reported in the present paper indicate an interaction 
between the amino acid and the presumably protein phosphatase. Al- 
though it is known that proteins as well as e-amino acids may interact with 
each other (11, 12), and although it is possible that amino acids may 
interact with some essential metallic component of the enzyme protein, 
there appears to be no study in the literature of the interaction of a pro- 
tein with an amino acid which would serve to describe the nature of the 
interactions between phosphatase and the amino acids which result in 
inhibition. 

The observations reported in the present work raise the possibility that 
the stream of protein metabolism, either normal or deranged, may affect the 
enzymic activities of the organism in vivo. There are, however, at present 
practically no data to support or deny this possibility. A. Bodansky (13) 
observed that, in contrast to the rise in the activity of serum phosphatase 
after ingestion of carbohydrate in dogs, there was a decrease after the in- 
gestion of protein (meat). A number of workers (14-16) have reported 
that additions of large amounts of various a-amino acids to the diet pro- 
duced toxic effects in the rat, but no relationship of such effects to inhibition 
of enzyme activity has been adduced or even suggested. 
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Of interest is the finding that, although glycine and pt-alanine inhibit 
rat bone and intestinal phosphatases to about the same extent, the basic 
amino acids, L-histidine and t-lysire, exert a greater inhibitory effect on rat 
bone phosphatase than on intestinal phosphatase, whereas the reverse holds 
for the dicarboxylic acid, t-glutamic acid. Whether this relationship with 
basic and acidic amino acids is more generally applicable to phosphatase 
remains to be determined. It may also be noted that in the series of experi- 
ments here reported with one rat kidney phosphatase preparation the 
degree of inhibition obtained with the various a-amino acids resembled 
the degrees of inhibition of bone phosphatase more closely than those of in- 
testinal phosphatase. It was previously reported (3) that the inhibitions 
of bone and kidney phosphatases by 0.006 m bile acids were of the same 
order of magnitude, whereas intestinal phosphatases were not inhibited 
by bile acids. 

The results of Hunter and Downs (10) on the inhibition of arginase 
activity by various amino acids may be examined with respect to those 
amino acids which were also used in our investigation. At the highest 
concentration, 0.089 m, of the substrate arginine, 50 per cent inhibition was 
produced by 0.060 m L-lysine. Glycine proved to be one of the poorest 
inhibitors; at an arginine concentration of 0.0223 m, as much as 5.0 m 
glycine was necessary to produce an inhibition of 50 per cent. L-Histidine 
which was found in the present investigation to be a very potent inhibitor 
of bone, kidney, and intestinal phosphatases was a very poor inhibitor of 
arginase activity. In contrast to the concentrations of 0.002 to 0.003 m 
which produce a 50 per cent inhibition of bone and kidney phosphatases, 
Hunter and Downs’ results show that a concentration of 3.8 m L-histidine 
was necessary to produce this degree of inhibition of arginase activity. 


SUMMARY 


1. The inhibitory effects of pt-alanine, L-lysine, t-glutamic acid, and 
t-histidine on rat bone, kidney, and intestinal phosphatases have been 
investigated and have been evaluated in terms of the dissociation constants 
of the assumed, dissociable amino acid-phosphatase complexes. The 
inhibitory effects of L-histidine were particularly marked; an inhibition of 
50 per cent was produced by 0.006 m of this acid on rat intestinal phos- 
phatase and by 0.002 to 0.003 m on rat bone and kidney phosphatases. 

2. The inhibition of phosphatase by a-amino acids, as illustrated in the 
instances of pL-alanine and L-lysine, may be largely reversed through dialy- 
sis. 

3. The basic amino acids, t-histidine and L-lysine, exerted a greater 
inhibitory effect on rat bone and kidney phosphatases than on intestinal 
phosphatase, whereas the reverse held for the dicarboxylic L-glutamic acid. 
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4. It was shown that, as illustrated in the instance of L-lysine, the 


characteristic inhibitions of the various tissue phosphatases were not due 
to or influenced by the presence of non-phosphatasic components present 
in these enzyme preparations. 


CON ark WH 


12. 


13. 
14. 
15. 
16. 
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DIMETHYLTHETIN AS A BIOLOGICAL METHYL DONOR* 


By VINCENT pu VIGNEAUD, A. W. MOYER, anv 
JOSEPH P. CHANDLER 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, March 9, 1948) 


In our earlier work (1) on a study of the ability of choline and betaine to 
support the growth of young rats on a homocystine-containing, methionine- 
free diet, we began to investigate the specificity of choline and betaine with 
respect to this ability. The promotion of growth under these conditions 
was interpreted as indicating a synthesis of methionine from homocystine 
by an actual transfer of the methyl group, an interpretation borne out by 
tracing the methyl group with deuterium (2). 

By the growth criterion the methyl-donating ability of systematically 
varied groups of compounds structurally related to choline was studied (8). 
Analogues of choline were tested in which one or two of the N-methyl groups 
had been substituted by N-ethyl groups. Other analogues were used in 
which various substitutions had been made in the ethanol moiety. The ar- 
senic analogue of choline was also tested as well as various betaines and 
related compounds. The high degree of specificity with regard to structure 
in relation to the ability to act as a methyl donor in this connection was 
shown by the fact that, of the many compounds tested, only choline (and 
simple derivatives such as lecithin and phosphorylcholine), betaine, and 
dimethylethylhydroxyethylammonium chloride were found to support 
growth under these conditions (8). 

Of particular interest was the finding that arsenocholine, although ca- 
pable of preventing perosis in the chick (4) and hemorrhagic kidney (5) and 
fatty infiltration of the liver in the rat (6), was incapable of supporting 
growth of the white rat on the methionine-free, homocystine-containing 
diet (6,3). Evidently the methyl groups of arsenocholine either were not 
labile or were not being transferred at a rate fast enough to form methionine 
in sufficient amounts to support growth. 

In a continuation of these investigations we extended the work to the 
sulfur analogue of betaine referred to in the literature as sulfobetaine or di- 


*The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a grant-in-aid which has helped to make 
this work possible. 


477 














478 DIMETHYLTHETIN 


methylthetin. The first test of this compound’ as a source of labile methy| 
groups involved a diet containing a hydriodic acid hydrolysate of casein (3) 





as a source of an amino acid mixture deficient in methionine. The positive | 
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results we obtained were announced in a Harvey lecture (7) on transmethy]- 
ation.? 

More recently we have tested dimethylthetin as a source of labile methy| 
groups in growth experiments with white rats on a mixture of the various 
amino acids which did not contain methionine but to which homocystine 
had been added. The experimental procedures used and the results ob- 
tained from these latter experiments are reported in this communication. 

The animals which received the basal diet without added supplement of 
a methyl donor did not grow and in several instances died before the experi- 
ment was terminated. However, when either choline or betaine was added 
to the diet growth ensued. The rats which received dimethylthetin grew 
at a rate comparable to those receiving the choline or betaine. It is there- 
fore concluded that this methylsulfonium compound, like the latter com- 
pounds, can provide a source of biologically labile methyl groups. The bio- 
logical and chemical implications of this are being investigated. 


EXPERIMENTAL 


Dimethylthetin chloride was prepared by treating chloroacetic acid with 
dimethyl sulfide according to the method used by Brown and Letts (9) in 
the preparation of dimethylthetin bromide. The analytical data and the 
properties of the compound agreed with those recorded in the literature. 

Male white rats weighing about 100 gm. were allowed to grow for several 
days on Diet I which had the following percentage composition: amino acid 
mixture 21.3 (10), cystine 0.4, Osborne and Mendel salt mixture (11) 4.0, 
sucrose 53.3, hydrogenated vegetable oil 19.0, corn oil 1.0, and pL-methio- 


1 A part of the dimethylthetin used in this test was placed at our disposal through 
the generosity of Dr. A. D. Welch, who had earlier found that this compound pos- 
sessed both antihemorrhagic and lipotropic activities to which we referred in a pre- 
vious communication (3). 

2 As this manuscript was in the last stages of completion, the report of Dubnoff 
and Borsook (8) confirming that dimethylthetin can function as a methyl donor came 
to hand. Through in vitro studies with a liver homogenate they found that this 
sulfonium compound was a highly efficient methylating agent in the conversion of 
homocysteine to methionine. 
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nine 1.0. The fat-soluble vitamins were dissolved in the corn oil and sup- 
plied in the following quantities for each kilo of diet: vitamin A 7200 units, 
vitamin D 1200 units, menadione 1.0 mg., and a-tocopherol acetate 40 mg. 
The water-soluble vitamins were present in the diet in the following amounts 
for each kilo of diet: thiamine chloride, riboflavin, pyridoxine hydrochloride, 
nicotinic acid, and p-aminobenzoic acid 10.0 mg. each, calcium pantothenate 
50 mg., inositol 100 mg., pteroylglutamic acid (Folvite) 1.0 mg., and biotin 
0.1 mg. The rats were then placed on Diet II, which was identical with 


TaBLe I 
Food Consumption and Growth Changes 











Group m 7 ' : ; Average Starting Average 
No. at No. Diet No. and supplement Dayson diet, daily food | and final daily weight 

| consumption weights | change 

| | 

| gm. gm. gm. 

I | 2963 II 19 | 7.3 | 9480 | —0.7 

2964 7 | 8.9 | 9288 | —0.6 

2966 a | 6 | 65.7 | 130-121] -1.5 

2967 “ a a eek ery —2.7 

2970 “ + choline lr) - SS 89-179 | +5.3 

2961 “* + dimethylthetin 20 | 6.8 86-128 | +2.1 

2965 “+ “ | 2 | 9.4 | 127-204) +3.8 

II | 2973 “ | 27 | 6.9 | 130-134] +0.1 

2976 a | 2 | 6.6 (115-114 | 0.0 

2978 i | 2 | 8.7 | 1386100} —0.9 

2979 “ + choline | 28 | 10.2 | 121-205} +3.0 

2984 oe -« 28 | 10.9 | 103-180 | +2.7 

2971 “ + betaine 28 | 6.0 90-124 | +1.2 

| 2975 | op 6 28 12.0 | 132-208 | +42.7 

| 2980 | oy, «8 28 10.6 | 143-220 | +42.7 

| 2972 | “ 4 dimethylthetin 2 | 99.3 | 1614) +18 

| 2974 | a “ 2 #8} 6.9 | 110-123) +0.5 

| 2977 | oo a“ 28 | 12.5 | 135-184 | +1.8 





Diet I, except that pt-homocystine (0.87 per cent) replaced the pL-methio- 
nine. The methyl compound to be tested was added to Diet II by substi- 
tution for an equal weight of sucrose. The first group of rats (Nos. 2961, 
2963 to 2967, 2970) was placed on the homocystine diet (Diet IL) without 
supplementation for 7 days, after which they were fed the supplements 
indicated in Table I. The second group of rats (Nos. 2971 to 2980, 2984) 
was transferred directly from Diet I to the diets indicated in Table I. The 
growth rate and food consumption data are given in Table I. The supple- 
ments were added to the diet in the following amounts: choline chloride 0.5, 
betaine chloride 0.55, and dimethylthetin chloride 0.84 per cent. 
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SUMMARY 


Dimethylthetin plus homocystine have been shown to be able to replace 


methionine in the diet of the white rat. The resulting growth was com- 
parable to that obtained with choline, or betaine, plus homocystine. It has 
therefore been concluded that this sulfonium compound, like choline and 
betaine, can serve as a source of labile methyl groups in the diet. 
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INTERACTION BETWEEN TOBACCO MOSAIC VIRUS AND 
BOVINE SERUM ALBUMIN* 


By MAX A. LAUFFER 
(From the Department of Physics,t University of Pittsburgh, Pittsburgh) 
(Received for publication, February 12, 1948) 


During the initial phase of a study of the rate of sedimentation of tobacco 
mosaic virus in bovine serum albumin solutions, carried out because of 
the potential importance of results obtained by Sharp et al. (1) with in- 
fluenza virus, it was observed that tobacco mosaic virus was precipitated 
from its solution in 0.1 m phosphate buffer at pH 7 when solid serum albu- 
min was added. Upon further examination, it was found that the virus 
would remain in solution after the addition of serum albumin if the pH was 
about 4.5 or 4.7. At pH 4.5, tobacco mosaic virus is negatively charged 
and serum albumin is positively charged, while above about pH 4.8 both 
are negatively charged. 

Because of this observation, the author thought it worth while to study 
the interaction between tobacco mosaic virus and bovine serum albumin 
in greater detail. In a preliminary communication (2), it was reported 
that tobacco mosaic virus was precipitated in crystalline form by serum 
albumin under conditions of like charge, either positive or negative, ex- 
cept when the ionic strength of the ordinary electrolytes also present was 
too low. It was also reported that under conditions of opposite charge a 
precipitate was formed at very low values of the ionic strength of the or- 
dinary electrolytes. This latter behavior was regarded as being consistent 
with the results obtained by Kleczkowski (3) in his studies on the mutual 
precipitation of tobacco mosaic virus and various proteins under condi- 
tions of opposite charge. 

The present communication consists of a detailed report of the studies 
on the interaction between bovine serum albumin and tobacco mosaic 
virus, with particular emphasis upon the precipitation of the virus under 
conditions of like charge. 


Materials and Methods' 


The virus preparation used in this study was obtained by the method 
of differential centrifugation from the juice of Turkish tobacco plants 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
Presented at the meeting of American Society of Biological Chemists, Chicago, May 
18-22, 1947. 


} Contribution No. p2-48 from the Department of Physics of the University of 
Pittsburgh. 


‘The author wishes to acknowledge the technical assistance of Miss Harriet L. 
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diseased with the Rockefeller Institute strain of tobacco mosaic. The 
final product contained 21 mg. per cc. of virus and 1 part per 100,000 
of phenyl mercuric nitrate in a phosphate buffer at pH 7. ‘The bovine 
serum albumin was obtained from Armour and Company. 

A series of stock buffers of 0.2 ionic strength was prepared as follows: 
for pH values between 2.0 and 4.0, chloroacetic acid and sodium hydroxide 
were used; for pH values between 4 and 6, sodium acetate and acetic acid 
were used; for pH values between 7 and 8.5, sodium hydrogen phosphate 
and sodium dihydrogen phosphate were used; and for pH values between 
about 9 and 10, borax and either hydrochloric acid or sodium hydroxide 
were used. 

Measurements of pH on the buffers and on the serum albumin-virus 
systems were made with a Beckman pH meter. Potassium acid phthalate 
at a concentration of 0.05 m, which has a pH of 4.000, was used as a refer- 
ence. Nitrogen analyses were made by a colorimetric modification of the 
Kjeldahl method, as described by Miller (4). 


Results 


A series of virus-serum albumin systems was set up in which an attempt 
was made to maintain all variables constant except pH. Each was con- 
tained within a 15 cc. glass centrifuge tube and was composed of 0.5 ce. 
of stock buffer, 0.05 gm. of serum albumin, 0.15 ec. of stock virus solution, 
and 0.3 ec. of water. Thus, the serum albumin and the virus concentra- 
tions were approximately 5 and 0.3 per cent by weight, respectively, while 
the ionic strength was essentially constant with an approximate value of 
0.1. The results obtained are shown in Table I. Because precipitation 
was apparently very slow in some systems and apparently very rapid in 
others, it was relatively difficult to find a wholly objective means of evaluat- 
ing the solubility of tobacco mosaic virus in serum albumin solutions. 
It was decided to compare the systems after a constant arbitrary period 
of time, namely 24 hours. The results in Table I indicate that, except 
for pH values between about 4 and 5, tobacco mosaic virus was insoluble 
in 5 per cent serum albumin solutions with ionic strength of 0.1. The 
turbidities obtained at pH 3.6 and 4 are not necessarily indications of 
interaction between serum albumin and tobacco mosaic virus, because the 
virus is insoluble at these pH values even in the absence of serum albumin 
(5). However, at pH values approximating 2.6, the virus is soluble in 
aqueous media with very low ionic strength. Accordingly, an experiment 





Carnelly and Miss Martha M. Raup. The author is indebted to Dr. Marie Fischer 
for the preparation of the virus. 
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was carried out at about pH 2.6 in a chloroacetic acid bufier with an ionic 
strength of 0.02. The same virus concentration was used as in the pre- 
ceding experiment, but the serum albumin concentration was varied. 
The results are listed in Table II. It was found that 1 per cent serum 
albumin caused no immediate effect, but upon standing 24 hours, a small 
amount of precipitate was formed. With 3 per cent and more of serum 
albumin, apparently complete precipitation of the virus took place. In 
order to carry out this experiment and maintain the pH essentially con- 


TABLE [ 


Solubility of Tobacco Mosaic Virus in & Per Cent Serum Albumin Solutions at 
Ionic Strength of 0.1 and at Various pH Values 











pH of | 
Buffer waked albumin | Haste mre Appearance after 24 hrs. 
| in buffer | 
Chloroacetate | 2.02 Turbid Gel 
“ | 2.95 | 3.62 | “* |  ‘urbid 
Acetate 302 | 402) « | r 
“ 4.20 | 4.37 | Clear | Clear 
4.40 | 4.58 | _ * 
4.60 | 4.78 | : oy 
“9 4.80 | 4.92 | is i 
a 4.95 | " | Turbid (thixotropic) 
“ 5.01 | 5.15 | Turbid | * “ 
° 5:3t° | | Gar 4 = Ppt. 
‘6 5.41 “c | ‘6 
‘é 5.65 “c ““ 
“ 5.81 | “ | “ 
Phosphate 5.93 | | . ” 
“ 6.97 | “cc ‘ec 
ss 7.93 _ shi 
sé 8.89 “ce | “ce 
Borate 10.35 _ | “" 


stant, it was necessary to titrate the serum albumin to pH 2.6 before mixing 
it with the virus and buffer. Thus, it can be seen that tobacco mosaic 
virus could be precipitated from solution by serum albumin when the pH 
was either alkaline to the isoelectric points of both virus and serum albumin 
or acidic to the isoelectric points of both. However, in media with ionic 
strength of 0.1, no precipitation not attributable to the normal insolubility 
of tobacco mosaic virus was observed when the pH was intermediate be- 
tween the pH values of the isoelectric points of virus and serum albumin. 

Additional experiments, similar to those at pH 2.6, were carried out at 
pH 4.4, 5.2, and 5.8. In each, pH, ionic strength, and virus concentra- 
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tion were maintained constant, but serum albumin concentration was 
varied. The results are also shown in Table II. At pH 4.4, when the 
ionic strength was held at the value of 0.1, there was no precipitation even 
when the serum albumin concentration reached 35 per cent. At pH 52 
and ionic strength 0.1, precipitation within a 24 hour period occurred with 
3 per cent but not with 2 per cent serum albumin. At pH 5.8 and the 
same ionic strength, evidence of precipitation at the end of 24 hours was 
obtained with 2 per cent serum albumin. 

Tobacco mosaic virus concentration and pH were kept essentially con- 


Taste II 


Effect of Varying Serum Albumin Concentration on Solubility of Tobacco Mosaic 
Virus under Various Conditions 











Hof | _ | Serum | 
on Na — j i | — | Appearance immediately | Appearance after 24 hrs 
in buffer | | tration | 
| | percent | 
2.41 | 2.63 | 0.02 | +1 | Clear | Slight ppt. 
2.41 2.59 | 0.02 | 2 | Turbid Moderate ppt 
2.41 | 2.58 | 0.02 | 3 | ee Full ppt. 
2.41 | 2.58 | 0.02 | 4 | . Wass athe, 
4.42 | i ee | 10 | Clear Clear 
4.42 | | 0.1 Reg  * P< e 
4.42 | | een | 25 | Slightly turbid | Slightly turbid 
4.42 | 01 | 35 | Turbid | Clear 
§.21 0.1 1 | Clear | me 
5.21 eee ie ae ac | ee 
5.21 0.1 | "ee ee | Turbid 
5.21 | aha 4 | Slightly turbid | Slight ppt. 
5.81 | | 0.1 | 4 | Clear | Clear 
5.81 ' oa 2 oe. | Turbid 
5.81 | 0.1 | 3 | Turbid | Ppt. 
5.81 | 0.1 | 4 | ee } 


! { I \ | 





stant, but serum albumin concentration and ionic strength were both varied 
in a third group of experiments. The virus concentration was 0.3 per 
cent. Sufficient acetate buffer at pH 5.2 was added to each system to make 
the ionic strength 0.02. Sodium chloride was added in varying amounts 
to increase the ionic strength in each of the systems. Serum albumin 
concentrations of 1, 2, 3, and 4 per cent were used. The results are pre- 
sented in Table III. It was found that the electrolyte concentration just 
sufficient to cause essentially complete precipitation in 24 hours varied 
with the serum albumin concentration. When the serum albumin con- 
centration was multiplied by the critical ionic strength, an essentially 
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constant value was obtained for the lower albumin concentrations. This 
indicated that, as a first approximation, the solubility of tobacco mosaic 
virus in serum albumin was approximately proportional to the product of 
the ionic strength and the serum albumin concentration. 

An experiment was carried out at pH 4.4 to determine whether or not 
electrolytes affected the solubility of tobacco mosaic virus in serum albumin 
in the region of opposite charge. The virus was dialyzed until its elec- 
trolyte concentration was very low. Then a solution containing approxi- 
mately 3 mg. of virus and 30 mg. of serum albumin in a total of 1 gm. was 


TaB.e III 


Effect at Various Serum Albumin Concentrations of Varying Ionic Strength When pH 
and Virus Concentrations Are Held Constant 





4) 





Serum | f 4 | 
cae | ae | seength | iaenlnly Appearance after 24 hrs. 
tration | | 

aced me Ene terse Lae eh ee eee 
percent | | 

l 0.18 | 0.20 Clear | Very slight ppt. 

1 0.20 | 0.22 ™ Slight ppt. 

N 0.23 0.25 “ | Ppt. 

1 0.28 0.30 = 

2 0.080 0.100 | Clear 

2 0.088 | 0.108 | ¥ Very slight ppt. 

2 0.098 | 0.118 | as Slight ppt. 

2 0.110 | 0.130 ee Ppt. 

3 0.046 0.066 “ Slight ppt. 

3 0.050 | 0.070 “ | Ppt. 

3 0.054 0.074 | . 

3 0.060 | 0.080 | « | “ 

4 0.032 | 0.052 “ | “ 

4 


0.036 | 0.056 “ “ 


prepared by mixing the proteins and titrating with dilute hydrochloric 
acid until the pH was equal to 4.42. This solution was quite turbid, in- 
dicating that, at pH 4.42 in the absence of appreciable amounts of elec- 
trolytes, virus is not soluble in a serum albumin solution. Sodium chloride 
was added to the virus in small amounts until the turbidity disappeared. 
The ionic strength of the final solution was approximately 0.22. Thus, 
it appeared that a moderate amount of electrolyte was necessary in order 
to permit the virus to be soluble in serum albumin at a pH value inter- 
mediate between the two isoelectric points. This result is in general agree- 
ment with that obtained by Kleczkowski (3). 

In order to determine the composition of the precipitate obtained in 
media alkaline to both isoelectric points, two samples, each containing 
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approximately 0.02 m acetate buffer at pH 5.2, 3.5 per cent NaCl, 0.5 
per cent serum albumin, and 1.0 per cent tobacco mosaic virus, were pre- 
pared. In order to insure accuracy, all components were weighed. A 
precipitate was formed in each, and the supernatant fluid was optically 
clear in each. Since tobacco mosaic virus solutions are opalescent, this 
indicates that most of the virus precipitated. Infectivity analyses were 
carried out by the half leaf method with 64 Nicotiana glutinosa leaves per 
test on the redissolved precipitates and the supernatant liquids. The 
precipitates were first dissolved in sufficient liquid to make the volumes 
the same as the supernatant fluids. It was found in both of the duplicate 
experiments that the average number of lesions per half leaf produced by 
the reconstituted precipitate at a dilution of 10-* was almost identical 
with the average number produced by the supernatant fluid at a dilution 
of 10°. This shows that about 1 per cent of the infectivity remained in 
the supernatant fluid and about 99 per cent was found in the precipitate. 
Eight nitrogen analyses were made on the supernatant fluids of the two 
samples. Recoveries of 93, 90, 98, 100, 101, 102, 98, and 104 per cent of 
the serum albumin nitrogen were obtained. The average of the recoveries 
was 98 per cent. These results show that the precipitates formed in a 
medium alkaline to both isoelectric points consisted largely if not entirely 
of tobacco mosaic virus and contained little if any serum albumin. 
Kleczkowski (3) found that precipitates obtained with tobacco mosaic 
virus interacting with various proteins of opposite charge contained both 
virus and the oppositely charged proteins. 

The virus separated from serum albumin solutions of like charge in a 
state highly suggestive of the mesomorphic fibers described by Best (6), 
When ammonium sulfate was added to the fibers, they were seen to shrink 
laterally and break up into small segments indistinguishable from the 
crystals originally described by Stanley (7). The mesomorphic fibers of 
Best behaved in a similar manner (6). ‘ 

An electrophoresis experiment was carried out on a solution containing 
3 per cent serum albumin and 0.3 per cent virus at pH 5.1 and ionic strength 
0.02. At the low ionic strength, the virus was still in solution. Two 
boundary diagrams were obtained, one of greater area, which moved at a 
very slow rate, and another of approximately 10 per cent of that area, which 
moved more rapidly. The latter was probably virus. The indication is, 
at least as a first approximation, that the virus and the serum albumin 
migrate independently in an electric field when the composition of the 
solvent is such as to allow the virus to remain soluble. The sedimentation 
experiments of Schachman and Lauffer? indicate that serum albumin and 


? Schachman, H. K., and Lauffer, M. A., in press. 
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the virus are capable of independent sedimentation at a pH value of about 
4.7, 


DISCUSSION 


The results of the current investigation lead to the conclusion that, when 
serum albumin is added, tobacco mosaic virus can be separated from solu- 
tion in the form of mesomorphic fibers similar to those observed by Best, 
if the virus and the albumin particles possess the same type of net electric 
charge. These mesomorphic fibers have been shown by Best to be closely 
related to the crystals obtained by Stanley by precipitation of tobacco 
mosaic virus by ammonium sulfate. 

In some ways this precipitation resembles the crystallization of tobacco 
mosaic and other viruses by means of high molecular weight hydrophilic 
colloids. Cohen (8) observed that heparin, hyaluronic acid and related 
compounds, starch, and even gelatin were capable of causing viruses to 
crystallize. His studies were carried out at pH values alkaline to the iso- 
electric point of tobacco mosaic virus, and all of the hydrophilic colloids 
used were negatively charged particles. 

In the present study, it was shown, first, that tobacco mosaic virus can 
be crystallized from serum albumin solutions when the charge on the al- 
bumin is the same as the charge on the virus particle, second, that the 
amount of serum albumin needed to precipitate the virus under such cir- 
cumstances is, as a first approximation, inversely proportional to the elec- 
trolyte concentration, and third, that the amount of serum albumin needed 
to precipitate the virus is, at least at pH 5.2 and 5.8, less when the net 
charges on both virus and serum albumin are greater. There are forces 
of repulsion between serum albumin particles and virus particles when they 
have the same electric charge. The serum albumin apparently has greater 
chemical affinity for water than the virus has. If the repulsion of the 
serum albumin particles for a virus particle is greater than the repulsion of 
other virus particles for the same virus particle, the virus should go out of 
solution and precipitate, possibly in crystalline form. 

When the virus and the serum albumin are of opposite charge, the situa- 
tion is somewhat different. In this case, there is an attraction between 
the serum albumin and the virus particles. When the ionic strength is 
low, this attractive force is sufficiently great to cause a precipitate to be 
formed. The analyses of Kleczkowski show that such precipitates con- 
tain both the virus and the oppositely charged protein. When the ionic 
strength is increased, the attractive force is decreased, or the salt linkage 
is weakened, and the virus and the oppositely charged protein dissolve. 
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SUMMARY 


1. Tobacco mosaic virus can be separated from solution in the form of 
mesomorphic fibers by the addition of purified serum albumin, when the 
pH of the medium is such that both have negative charges. 

2. The amount of serum albumin required to crystallize the virus de- 
pends upon the ionic strength. At pH 5.2, the product of the ionic strength 
and the serum albumin concentration required just to precipitate the virus 
is approximately a constant. 

3. At constant ionic strength, the amount of serum albumin required 
to precipitate the virus is greater at pH 5.2 than at pH 5.8. 

4. The mesomorphic precipitates are composed, largely, if not entirely, 
of virus. 

5. When the pH of the medium is between the isoelectric points of the 
virus protein and the albumin, the virus does not precipitate at high values 
of ionic strength but does precipitate when the ionic strength is considerably 
less than 0.1. 
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LIPOTROPIC ACTIVITY AND TOXICITY OF METHOXININE 
(OXYMETHIONINE) 


By C. BOYD SHAFFER anp FRANCES H. CRITCHFIELD 
(From the Multiple Fellowship on Chemical Hygiene, Mellon Institute, Pittsburgh) 


(Received for publication, March 3, 1948) 


Methoxinine (pDL-2-amino-4-methoxybutanoie acid) has been synthesized 
by Roblin and coworkers (1), who studied its action on Escherichia coli 
and Staphylococcus aureus. The growth-inhibitory effect of this compound 
was prevented by L-methionine but not by the p isomer. 1 mole of DL- 
methionine reversed the antibacterial action of 500 to 1000 moles of pL- 
methoxinine. In combination with sulfonamides a synergistic bacterio- 
static effect was produced by methoxinine. 

Methoxinine was of interest to this laboratory as a tool in an investiga- 
tion of the protective action afforded by methionine against the hepatotoxic 
effects of certain chemicals in protein-deficient states. Provided certain 
conditions were fulfilled, it might be possible by the use of the oxygen 
analogue to distinguish between any effect of methionine due to its sparing 
or replenishment of sulfhydryl enzyme systems (2) and such effect as 
might result solely from its réle as a lipotropic factor (3). Before such a 
demonstration might be made, however, it was first necessary to establish 
that methoxinine does possess lipotropic activity, in addition to being 
devoid of toxic manifestations that might otherwise complicate the experi- 
ment. The work described in the present report shows that the lipotropic 
activity does indeed exist, but that methoxinine exhibits an order of toxicity 
that would probably preclude its use in the connection indicated. 


EXPERIMENTAL 


pL-Methoxinine was synthesized! by a modification of the procedure of 
Roblin et al. (1). The final product melted in a range of 249-251° (cor- 
rected) with decomposition and effervescence. The rate of heating was 
about 2° per minute above 230°. Elementary analysis gave the following 
results. 


CsHi,0;N. Calculated. C 45.10, H 8.33, N 10.52 
Found. ** 44.46, “ 8.06, ‘ 10.39 


The experimental animals were Rockland rats of the Sherman strain, 
weighing between 130 and 180 gm. Equal numbers of both males and fe- 


‘The authors are indebted to Mr. Joseph Fugger, Department of Chemistry, 
University of Pittsburgh, for the synthesis of the pL-methoxinine, which was per- 
formed under the direction of Dr. Klaus Hofmann of that Department. 
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males were used. In Series I four groups of ten rats each were fed a lipo- 
genic diet for a period of 21 days, and the supplements of methoxinine or 
pL-methionine? (or both) were given in distilled water solution by stomach 
tube. In Series II, the amino acids were incorporated into the basal diet 
to the extent of 0.5 per cent of the latter. 

The basal diet consisted of lard 40, casein 5, sucrose 46, salts (4) 4, and 
cellulose 5. Each animal received daily a tablet supplying approximately 
25 y of thiamine hydrochloride, 100 y of calcium pantothenate, 25 y of 
pyridoxine hydrochloride, and 25 y of riboflavin. In addition, 3 drops of 
a mixture of 50 ml. of Natola? and 1 gm. of '!e-tocopherol were given 
weekly. 

In Series I, Group I served as controls, and the others were given the 
following supplements daily by stomach tube in about 2 ml. of distilled 
water solution: Group II, 50 mg. of methoxinine; Group III, 50 mg. of 
methionine; and Group IV, 50 mg. of methoxinine plus 50 mg. of methio- 
nine. The last group was included for the purpose of observing any 
possible antagonistic effect between the two compounds. The experiments 
of Series IT became necessary when it was found that the animals in Group 
II above did not survive the 21 day experimental period. In Series II, 
therefore, the amino acids were fed in the diet. Group I of Series II is 
likewise a control; Group II received a diet containing 0.5 per cent methio- 
nine; and Group III, one containing 0.5 per cent methoxinine. Because 
of the limitation of the quantity of methoxinine available, no group com- 
parable to Group IV of Series I could be included. 

All groups were maintained on the experiment for 21 days. Food intake 
and body weight were recorded weekly. At the end of this period, the 
animals were exsanguinated by decapitation under light nembutal anes- 
thesia, and the liver was removed, weighed, and analyzed for total fatty 
acids plus cholesterol by chromate oxidation (5). The kidneys were 
weighed (combined weight) and portions of each fixed for histological 
examination. 

In the lipide analyses, the livers were ground in a Waring blendor with 
a small quantity of ethyl alcohol, and the pulp transferred quantitatively 
to a volumetric flask with additional alcohol. Sufficient ethyl alcohol and 
ethyl ether were then added to fill the flask to the mark with a 3:1 propor- 
tion of the two solvents, respectively. The flasks were selected to give a 
minimum volume of 20 ml. of aleohol-ether mixture to 1 gm. of wet weight 
of liver tissue, and the tissue pulp was allowed to remain in contact with 
the extracting fluid, with occasional shaking, for at least several hours be- 


2 From General Biochemicals, Inc., Chagrin Falls, Ohio. 
3A Parke, Davis and Company preparation containing 55,000 U. S. P. units of 
vitamin A per gm. and 11,000 U.S. P. units of vitamin D per gm. 
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fore aliquots of the latter were removed for saponification of the contained 
lipide. No heating was involved in the extraction procedure. The 
equivalence, 1 mg. of fatty acid plus cholesterol equals 3.7 ml. of 0.1 N 
dichromate, which is employed in blood analysis, was arbitrarily taken for 
use in this work. The total fatty acids plus cholesterol are expressed as 
percentage of wet weight of the liver. 


TaBLe | 
Influence of Methionine and Methoxinine Supplements, by Stomach Tube, on Rats 
Receiving Lipogenic Diet (Series I) 
Group I animals were the controls, Group III received 50 mg. of methionine 
daily, and Group IV received 50 mg. of methionine and 50 mg. of methoxinine daily. 














| Group I | Group III bd Group IV 
Food intake, gm. per rat per ek BPE 4.16 | 4.11 4.24 
ED GUNNS GONE «A 5s <p sos-ercan tes ate eae 16.60 | 13.20 | 34.40* 
Liver weight, % of body weight............. 6.10 | 6.33 | 5.13* 
Kidney “© % of body weight............. 087 | 0.9 | 1.08* 
Liver lipide, % of wet organ weight. . ia 19.90 14. 90* | 7.027 





* Deviation from Group I statistically significant. 
t Deviation from Groups I and III statistically significant. 


TaBe II 
Effect of Incorporating 0.5 Per Cent Methionine and 0.5 Per Cent Methoxinine, 
Respectively, in Lipogenic Diet (Series IT) 
Group I animals were the controls, Group II received the methionine-supple- 
mented diet, and Group ul the methoxinine- ‘supplemented diet. 


| GroupI | GroupIl | Caled Il 
a eee a | ————-—- ™ —| —emaeteciey 
Food intake, gm. per rat per day............ 6.22 | 5.76 | 4.38 
Weight loss, ~ er re eee 24.10 | 26.50 | 52.30* 
Liver weight, % of body weight............. | 6.28 | 4.77* | 65.80 
Kidney “ % of body weight............. 0.82 | 0.87 1.03* 
Liver lipide, % of wet — wae veel 18.10 | 5.60* | 8.70* 





* Deviation from Group I statistically dignificunt. ‘The ‘live lipide values of 
Groups II and III are not significantly different. 





Results 


Table I presents the means of the results obtained in Senes I in which 
the amino acid supplements were given in fixed quantity by stomach tube. 
All the animals in Group II of this series died between the 12th and 20th 
days of the experiment, and are therefore excluded from any comparison. 
Table II sets forth similar data for the animals in Series II, in which the 
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basal diet was supplemented to the extent of 0.5 per cent methionine and 
0.5 per cent methoxinine, respectively. 


DISCUSSION 


All groups of animals in both series lost weight during the experimental 
period, and both the weight loss and food intake were unaffected by supple- 
ments of methionine. The addition of 0.5 per cent methoxinine to the 
basal diet did not alter food consumption, but it markedly accelerated the 
loss in weight. On the basis of the mean food intake of the group, a level 
of 0.5 per cent methoxinine in the diet represents an intake of 22 mg. per 


rat per day as compared with the 50 mg. per rat per day that proved | 


lethal to the animals in Group II of Series I under similar conditions, 
While no attempt has been made to compare the initial food consumption 
of this group with that of the others, it may be stated that the appetite of 
the animals (Group II) was severely depressed. The combination of a 
nearly equimolar amount of methionine with the methoxinine (Group IV, 
Series I) brought the food intake up on a par with that of the other groups 
and permitted survival for the experimental period, but did not accomplish 
a reversal of the weight loss. 

A direct evaluation of the lipotropic activity of methoxinine is not pos- 
sible from the data in Series I because all the animals in Group II died 
before completion of the experiment. But the fact that the combination of 
methoxinine and methionine, as used in Group IV of this series, brought 
about a significantly greater reduction in liver lipide than the methionine 
alone is indicative of a lipotropic effect of the oxygen analogue. Direct 
evidence is afforded in Series IT, in which the addition of 0.5 per cent methox- 
inine to the basal diet produced an effect on liver lipide equal to that of 
methionine. In both series the food intake of each group was statistically 
identical with that of the others, so that variation in food consumption is 
not a factor in the results obtained. 

That methoxinine possesses considerable toxicity under the conditions 
of these experiments is manifest in the complete mortality in 12 to 20 days 
of the group receiving 50 mg. per rat per day and the extreme weight de- 
pletion of the animals ingesting it as 0.5 per cent of the diet. The mech- 
anism of such a toxic effect is not apparent from this work. It may be 
pointed out, however, that, if this effect represents an interference with 
methionine metabolism, it is clearly not the transmethylation function of 
the latter that is blocked. Moreover, the fact that the toxicity is only 
slightly counteracted by the simultaneous administration of a practically 
equimolar quantity of pt-methionine leads one to believe that some factors 
other than this specific metabolite antagonism are operative. 

The pathology observed microscopically in sections of the liver cor- 
related reasonably well with the amount of fat found by chemical analysis. 
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It is worthy of note that the analytical results revealed a greater lipide 
content of the liver when methionine was given by stomach tube (50 mg. 
per rat per day) than when it was added to the diet, even though the dietary 
supplement calculated on the basis of the food intake was only 29 mg. per 
rat per day. The microscopic sections showed, correspondingly, a more | 
extreme fatty infiltration in the former instance. The sections of kidney 
were particularly interesting in that those from the animals that succumbed 
to the 50 mg. per day dose of methoxinine exhibited varying degrees of 
tubular damage, frequently with glomerular involvement. Some tubular, 
and occasionally glomerular, changes were found in many of the animals, 
irrespective of grouping, but the changes in Group II of Series I were more 
extensive and severe than in any other. This condition seems to have been 
ameliorated to some extent by the simultaneous administration of methio- 
nine as judged from the pathology in Group IV of Series I. 


SUMMARY 


1. With rats fed a diet containing 5 per cent casein and 40 per cent 
lard, a supplement of 50 mg. of methionine plus 50 mg. of methoxinine per 
rat per day effected a significantly greater reduction in the lipide content 
of the liver than did 50 mg. of methionine alone. 

2. Addition of either 0.5 per cent methoxinine or 0.5 per cent methionine 
to the basal diet lowered the lipide content of the liver to the same degree. 

3. The administration of 50 mg. per rat per day of methoxinine to ani- 
mals fed the basal diet produced complete mortality of the group in 12 to 


20 days, with significant kidney pathology evident microscopically. Addi- 


tion of 50 mg. of methionine to this dose raised the level of food consumption, 
permitted survival over the experimental period, and reduced the severity 
of kidney damage, but did not prevent a significantly greater depletion 
of body weight as compared to the controls or to the group receiving methio- 
nine alone. This accelerated rate of weight loss was also observed in those 
animals fed the basal diet containing 0.5 per cent methoxinine (22 mg. 
per rat per day), although no mortalities occurred in this group over the 
period indicated. 


The authors are grateful to Mr. Carrol 8. Weil of this Fellowship for 
statistical analysis of the results of this investigation. 
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STUDIES OF PYRIDOXINE DISPLACEMENT 


By GUSTAV J. MARTIN, SOUREN AVAKIAN, ano JACK MOSS 
(From the Research Laboratories, The National Drug Company, Philadelphia) 


(Received for publication, March 11, 1948) 


Relatively little work has been done with pyridoxine displacers. Ott 
(1) found 2 ,4-dimethyl-3-hydroxy-5-hydroxymethylpyridoxine (desoxypy- 
ridoxine) to be a very potent inhibitor of pyridoxine in the metabolism 
of the chick. 2 molecules of inhibitor were sufficient to offset the 
vitamin activity of 1 molecule of pyridoxine. In the course of an inves- 
tigation of antimalarials, McCasland et al. (2) synthesized 2-methyl- 
4-hydroxy-6-hydroxymethylpyrimidine and a number of closely related 
compounds which are analogues of pyridoxine. No statement was 
made of their activity. The second paper by this group (3), reports the 
synthesis of 2 ,6-di-(hydroxymethy])-4-hydroxy-5-methylpyrimidine hydro- 
chloride which is the pyrimidine analogue of pyridoxine. Tests for anti- 
pyridoxine activity of this compound showed it to be inactive. Ott! 
found 2-methyl-3-hydroxy-4-methoxymethy]-5-hydroxymethylpyridine 
(methoxypyridoxine) to be nearly as effective a pyridoxine displacer in the 
chick as was desoxypyridoxine. Mushett et al. (4) have reported on the 
pathologic effects produced by these two analogues of pyridoxine. Atrophy 
of the lymphoid tissues seemed to characterize the histopathological 
picture. The effectiveness of desoxypyridoxine in the rat has been re- 
ported (5). The Merck group (6) has studied the effect of pyridoxine- 
displacing agents on the metabolism of tryptophan. From this study, it 
was concluded that desoxypyridoxine interfered with some phase of trypto- 
phan metabolism. Recently, Beiler and Martin (7) found desoxypyri- 
doxine to be ineffective as an inhibitor of the action of tyrosine decarboxyl- 
ase. Phosphorylated desoxypyridoxine, on the other hand, displaces 
pyridoxal phosphate in the tyrosine decarboxylase system. 


EXPERIMENTAL 


Several analogues of pyridoxine were prepared and tested with desoxy- 
pyridoxine as the standard. These chemicals included 2-acetoxy-3 ,5- 
diacetoxymethyltoluene, 2-methyl-3-hydroxy-4-dimethylaminomethylpy- 
ridine, 2-methyl-3-hydroxy-4-hydroxymethylpyridine, and 2-ethyl-3- 
amino-4-ethoxymethyl-5-aminomethylpyridine. The compounds’ were 
prepared in accordance with the following procedures. 


1 Ott, W. H., personal communication; cited in (4). 
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2-Acetoxy-3 ,5-diacetoxymethyltoluene was prepared according to the 
method of Bruson and MacMullen (8). 110 gm. of 40 per cent formalde- 
hyde were added with stirring to a mixture of 54 gm. of o-cresol and 150 
gm. of 33 per cent dimethylamine over a period of 1 hour. The temp- 
erature was kept at 25-30° during the addition and then raised to 90-95°, 
After 1.5 hours the product was separated, dried, and distilled under 
reduced pressure. The yield of the pure product, b.p. 115-117° at 0.3 
mm. pressure, was 31 gm. of 2-hydroxy-3 ,5-bis(dimethylaminomethy])- 
toluene. 

A mixture of 30 gm. of 2-hydroxy-3 ,5-bis(dimethylaminomethy])toluene 
and 50 gm. of acetic anhydride was heated at 90-95° for 2 hours and then 
refluxed for 1.5 hours. Distillation yielded 30 gm. of product boiling at 
155-160° at 0.3 mm. This was extracted with | N hydrochloric acid and 
redistilled to give 27 gm. of 2-acetoxy-3 ,5-diacetoxymethyltoluene boiling 
at 158-159° at 0.3 mm.; n> 1.4997. 


Analysis—CisHisOs. Calculated, CH;CO— 43.8; found, CH;CO— 43.0 


2-Methyl-3-hydroxy-4-hydroxymethylpyridine Hydrochloride—A_ solution 
of 23 gm. of 4-diethylaminomethy]-3-hydroxy-2-methylpyridine (9) in 31 
gm. of acetic anhydride was heated at 90-95° for 3 hours and then refluxed 
for 1 hour. The resulting mixture was dissolved in water, neutralized, 
and extracted with ether. Distillation gave 23 gm. of product boiling at 
135-136° at 0.3 mm. The hydrochloride melted at 161-162°. 

5 gm. of 4-acetoxymethyl-3-acetoxy-2-methylpyridine were dissolved 
in 200 cc. of 2 N hydrochloric acid and the solution refluxed for 12 hours. 
The solvent was evaporated under reduced pressure and the residue re- 
crystallized from ethyl alcohol; m.p. 165-166°. 


Analysis—C;H,O.N- HCI. Calculated, N 7.98; found, N 8.16 


2-M ethyl-3-hydroxy-4-dimethylaminomethylpyridine—A mixture of 16.4 
gm. of 2-methyl-3-hydroxypyridine (10) and 18 gm. of 33 per cent dimethyl- 
amine was dissolved in 40 cc. of water and 13.5 gm. of 40 per cent formal- 
dehyde were added over a period of 1 hour. The mixture was allowed to 
stand overnight; the clear solution was heated to 90-95°, saturated with 
sodium chloride, and the oily layer separated. Distillation gave 11 gm. 
of proauct boiling at 75-76° at 0.6 mm. The hydrochloride melted at 
223-224°. 


Analysis—CsHuON:. Calculated, N 16.86; found, N 16.93 


Preparation of 2-ethyl-3-amino-4-ethoxymethyl-5-aminomethylpyridine di- 
hydrochloride occurred by a series of reactions analogous to those used by 
Harris and Folkers (11) in the preparation of pyridoxine. 
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To the stirred suspension of sodium amide was added in 5 minutes a 
solution of 0.3 mole of ethyl methyl ketone in 100 ce. of ether. After 5 
minutes 0.4 mole of ethyl ethoxyacetate in 100 cc. of ether was added and 
the stirring was continued for 2 hours at reflux temperature. The mix- 
ture was poured into 300 cc. of water, neutralized with dilute hydrochloric 
acid, and extracted with ether. The solvent was distilled from the ether 
solution, the residue added to a hot filtered solution of 40 gm. of copper 
acetate in 350 cc. of water, and the mixture allowed to stand for 4 hours. 
The copper salt of the diketone was filtered, washed with ligroin, and re- 
crystallized from methyl alcohol. The yield of pure product, m.p. 137- 
138°, was 20 gm. or 33 per cent. 

The copper salt was stirred with 300 cc. of 10 per cent sulfuric acid and 
200 cc. of ether. The acid layer was again extracted with ether and the 
combined ether solution dried over sodium sulfate. The solvent was dis- 
tilled and the residue fractionated in vacuo through a 30 cm. Vigien column, 
b.p. 938-95° at 13 mm. The product was 1-ethoxy-2 ,4-hexadione. 

To 63 gm. of cyanoacetamide, dissolved in 450 cc. of hot ethyl alcohol, 
102 gm. of 1-ethoxy-2,4-hexadione and 10 cc. of piperidine were added 
with shaking. The mixture was allowed to stand overnight, cooled, and 
filtered. The yield of 2-ethyl-4-ethoxymethyl-5-cyano-6-pyridone, after 
filtration and crystallization from alcohol, was 115 gm., m.p. 174-175°. 

To 10 gm. of 2-ethyl-4-ethoxymethyl-5-cyano-6-pyridone in 30 cc. of 
acetic anhydride containing a little urea were added, with cooling and 
stirring, 4.5 ec. of fuming nitric acid. The reaction temperature was kept 
between 5-10° during the addition. The reaction mixture was kept at 
this temperature for 10 minutes and then at 25-30° for half an hour. The 
mixture was poured into ice and the crystalline product filtered after 3 
hours. The yield of 2-ethyl-3-nitro-4-ethoxymethyl-5-cyano-6-pyridone, 
m.p. 125-127°, was 4 gm. Recrystallization raised the melting point to 
127-128°. 

A mixture of 30 gm. of 2-ethyl-3-nitro-4-ethoxymethyl-5-cyano-6-pyri- 
done, 35 gm. of phosphorus pentachloride, and 250 cc. of chlorobenzene 
was heated at reflux temperature for half an hour and then at such a rate 
as to distil 150 ec. of the chlorobenzene in 3 to 4 hours. The remaining 
solvent was removed at 10 to 15 mm. The viscous residue was heated 
with 80 cc. of 10 per cent ethyl alcohol; the resulting mixture was extracted 
with ether and dried over sodium sulfate. The ether was distilled and the 
residue extracted twice with 250 ce. of boiling petroleum ether. This 
extract was concentrated on a steam bath and then cooled slowly to 10°. 
The precipitate 2-ethyl-3-nitro-4-ethoxymethyl-5-cyano-6-chloropyridine, 
after filtration and recrystallization, melted at 52-53°. The yield was 9.5 
gm. 
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A solution of 27 gm. of 2-ethyl-3-nitro-4-ethoxymethy]l-5-cyano-6-chloro- 
pyridine (m.p. 50-52°) in 175 ce. of alcohol was shaken in the presence of 
0.5 gm. of Adams’ catalyst with hydrogen at a pressure of 50 pounds, 
The hydrogenation was stopped after 3 moles of hydrogen had been ab- 
sorbed and the mixture was allowed to cool. The alcohol was decanted 
and the product extracted with hot alcohol. Thus 14 gm. of pure 2-ethyl- 
3-amino-4-ethoxymethyl-5-cyano-6-chloropyridine, m.p. 121-122°, was ob- 
tained. 

A solution of 3.5 gm. of 2-ethyl-3-amino-4-ethoxymethyl-5-cyano-6- 
chloropyridine in 140 ce. of glacial acetic acid with 1.2 gm. of sodium ace- 
tate, 0.3 gm. of Adams’ catalyst, and 5 gm. of 10 per cent palladium charcoal 
catalyst was shaken with hydrogen at a pressure of 50 pounds until 3 moles 
had been absorbed (5 hours). After filtering off the catalyst the solvent 
was evaporated under reduced pressure, and the residue extracted with 
alcohol and separated from sodium chloride. The alcoholic solution was 
saturated with dry hydrogen chloride and the dihydrochloride precipitated 
by addition of acetone. The yield of the pure dihydrochloride of 2-ethyl- 
3-amino-4-ethoxymethyl-5-aminomethylpyridine, m.p. 214-215°, was 1.2 
gm. 

Analysis—C,,H;,ON;:(2HCl). Calculated, N 14.89; found, N 14.93 


The structure of 2-ethyl-3-amino-4-ethoxymethyl-5-aminomethylpy- 
ridine was established through the following reactions. 


CH.OC2H; CH.0C2H; CH:Br 
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A solution of 1 gm. of the dihydrochloride of 2-ethyl-3-amino-4-ethoxy- 
methyl-5-aminomethylpyridine in 20 cc. of water was added simultaneously 
with a solution of 2 gm. of sodium nitrite to 40 cc. of hot 2.5 nN hydro- 
chloric acid. The solution was concentrated to dryness under reduced pres- 
sure and the residue washed with acetone. The dihydroxy hydrochloride 
was extracted from sodium chloride with absolute aleohol and the extract 
evaporated to dryness. 

The crude residue was refluxed with 25 cc. of 48 per cent hydrobromic 
acid for half an hour, cooled in ice water, and filtered. Two erystallizations 
from ethyl alcohol gave the pure compound with the same melting point 
as that given by Harris (12) for 2-ethyl-3-hydroxy-4 ,5-dibromomethylpy- 
ridine hydrobromide. 

The method used in testing these agents was to employ the medium of 
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Atkin et al. (13) and the technique of Williams et al. (14). The test micro- 
organism was Saccharomyces cerevisiae, G. M. 
2-Acetoxy-3 ,5-diacetoxymethyltoluene and 2-methyl-3-hydroxy-4-di- 


TABLE I 
2-Ethyl-3-amino-4-ethorymethyl-5-aminomethylpyridine As Pyridoxine Displacing 
Agent 

The results are expressed in readings on the Klett photoelectric colorimeter. 





Pyridoxine Concentrations, yy per 10 ml. 
concentration | Saki RENTNGESSGRAMARET ‘issn Te REN Yom mAerkeens 











0 1 10 100 1000 10,000 
2-Ethyl-3-amino-4-ethoxymethyl-5-aminomethylpyridine 

y ger 10 ml. -s ai i So a aoe: 7” ee os SIF dl 
0 102 8 Ro ae. ee ee 
0.04 146 103 | wo. 2 oT Qe) Oop Se 
100.04 151 ws 60] OMB ROO Ob oe Oi cere 
1,000.04 155 6] «612880 | | 128 | «108 || «(100 | 85 
10,000.04 | 158 | 143 1233. | | 130 | 102 

Desoxypyridoxine concentrations 
Be ! 4 ee Ae Se 

0 | i | eT eee eS 
0.04 | 160 a 80 74 65 
100.04 | 180 136 6©| 61238) (| «6118 |_Ss 100 92 
1,000.04 185 154 | 150 | 148 | 145 125 


10,000.04 195 185 a a a | 135 


TaBLe II 
Displacement of Pyridozal by Desorypyridozxine 
Klett photoelectric colorimeter readings. 








, Desoxypyridoxine concentrations, y per 10 ml. 
Pyridoxal 
concentration ; ae thie ee ee es 
0 1 | 10 | 100 | 1000 =| ~—- 10,000 
y per 10 ml. | 
0 90 120 108 72 53 40 
0.0005 162 140 | 135 | 70 58 43 
100.0005 | 194 200 | 160 132 80 72 
1000.0005 257 246 245 , 225 120 101 





The ratio is approximately 1:1 in higher concentrations of metabolite and dis- 
placer. 


methylaminomethylpyridine were inactive. 2-Methyl-3-hydroxy-4-hy- 
droxymethylpyridine was active with an inhibitor-metabolite ratio of 250. 
2-Ethy]l-3-amino-4-ethoxymethyl-5-aminomethylpyridine was found to be 
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PYRIDOXINE DISPLACEMENT 


a more powerful inhibitor of pyridoxine than was desoxypyridoxine, | 
Table I presents an experiment showing comparative results. 


might not be displacers of the other forms. 


pyridoxal. 


placing agents. 


structure of active agents. 


SUMMARY 


methylpyridine were found active. 


ne 


BIBLIOGRAPHY 


Chem. Soc., 68, 2390 (1946). 


9, 291 (1947). 


. Emerson, G. A., Federation Proc., 6, 406 (1947). 
. Porter, C. C., Clark, I., and Silber, R. H., J. Biol. Chem., 167, 573 (1947). 
. Beiler, J. M., and Martin, G. J., J. Biol. Chem., 169, 345 (1947). 

. Bruson, H. A., and MacMullen, C. W., J. Am. Chem. Soc., 68, 270 (1941). 
. Brown, R. F., and Miller, 8. J., J. Org. Chem., 11, 388 (1946). 

. Wulff, O., U. S. patents 1,880,645 and 1,880,646 (1932). 

. Harris, 8. A., and Folkers, K., J. Am. Chem. Soc., 





To date, only seven compounds have been tested as pyridoxine-dis- 
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Four compounds structurally related to pyridoxine were synthesized 
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The effectiveness of desoxypyridoxine was tested against pyridoxal jn | 
order to check the possibility that displacers for one form of vitamin B, 
The results presented in 
Table II clearly show the effectiveness of desoxypyridoxine in displacing 
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ERYTHROCYTE PYROPHOSPHATASE IN HEALTH AND 
DISEASE 


I. PROPERTIES OF THE ENZYME 
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(From the Department of Biochemistry, Andhra Medical College, Vizagapatam, 
Madras Presidency, India) 
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It was previously reported by us (1) that erythrocytes contain an enzyme 
capable of splitting inorganic pyrophosphate in the presence of magnesium 
ions. The presence of the enzyme in erythrocytes was mentioned by 
Jenner and Kay (2) and by Roche (3), but the properties of the enzyme do 
not seem so far to have been investigated in detail. The pyrophosphatases 
of some bacteria were studied in some detail by Pett and Wynne (4). 
Bailey and Webb (5) also have studied the pyrophosphatase of yeast. 
They found that the enzyme was specifically activated by magnesium ions, 
and that the activation by magnesium was antagonized by calcium. They 
also suggested that the yeast pyrophosphatase might be an SH enzyme. 
The results of a detailed investigation on the erythrocyte pyrophosphatase 
are outlined in this paper. 


EXPERIMENTAL 


Reagents—Glass-redistilled water and as far as possible Kahlbaum chem- 
icals were used throught the investigation. 

1. Substrate. 0.01 m sodium pyrophosphate. Pure sodium pyrophos- 
phate was prepared by heating disodium phosphate in a platinum crucible 
to a red heat until an aqueous solution of it gave no blue color within 10 
minutes with Fiske and Subbarow’s (6) reagents for orthophosphate. A 
stock solution of 0.01 m pyrophosphate adjusted by diluting to pH 7.6 with 
normal HCl was prepared. 

2. Activator. 0.1 m magnesium chloride. 

3. Buffer. Michaelis’ (7) veronal-acetate buffer at pH 7.66. 

4. Enzyme. About 10 ml. of venous blood were collected in a 15 ml. 
graduated centrifuge tube containing the minimum amount of lithium 
oxalate (or 3 drops of 0.1 m sodium oxalate) and carefully mixed. The 
blood is centrifuged at 5000 r.p.m. for about 10 minutes. The volumes of 
the packed red cells and the plasma were noted, and the plasma was pipet- 
ted out. 1 ml. of the packed erythrocytes was accurately measured into 
another centrifuge tube containing normal saline. By careful manipulation 
of the pipette it is possible to draw out only the red blood cells. The meas- 
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ured volume of the erythrocytes was washed with 10 volumes of normal 
saline at the centrifuge. Twice washing with saline was found to be unnec- 
essary. The supernatant saline was pipetted and the erythrocytes were 
diluted to 10 volumes with water. By shaking, a clear hemolysate was 
obtained. The enzyme solution thus prepared keeps its potency for more 
than 2 days, provided it is kept in the ice chest in a glass-stoppered flask. 
Thereafter the enzyme strength gradually decreases. At room temperature 
the enzyme rapidly deteriorates, and therefore the hemolysate should be 
kept in the ice chest as soon as it is prepared, and aliquots taken at the time 
of assay of the enzyme. Some preparations, and particularly those from 
guinea pig erythrocytes, retained full activity for more than a week when 
kept in the ice chest. But generally no preparation which was more than 
3 days old was used in the investigation. Attempts to remove the hemo- 
globin from the enzyme preparation by shaking with chloroform resulted in 
loss of the enzyme activity. 

5. Fiske and Subbarow’s reagents for the estimation of orthophosphate 


(6). 


Assay of Erythrocyte Pyrophosphatase 


Into a Pyrex test-tube (5 X 2 inches) were measured 3 ml. of the buffer ' 


(pH 7.6), 1 ml. of 0.1 m magnesium chloride, 0.5 ml. of the enzyme, and 0.5 
ml. of 0.01 m sodium pyrophosphate. The contents were mixed and the 
tube was placed in a thermostat at 37° for 30 minutes. The reaction was 
stopped by adding 2.5 ml. of 10 per cent trichloroacetic acid, the tube 
shaken, and after it had stood for 2 to 3 minutes the contents were filtered. 
Aliquots of the filtrate were diluted to 5 ml. and the orthophosphate content 
was estimated by Fiske and Subbarow’s method with dilute phosphate 
standards (5 ml. = 0.08, 0.04, and 0.02 mg. of P). A control experiment 
(blank) was also set up simultaneously, and the substrate added only after 
the incubation and just before addition of the trichloroacetic acid. 5 ml. 
of filtrate were used for the estimation of phosphorus with weaker standards. 
During the colorimetric estimation the colors must be compared within 5 
minutes after the molybdate and the aminonaphtholsulfonic acid reagents 
are added. Otherwise higher values were obtained, owing to the hydrolysis 
of the pyrophosphate by the 0.5 N sulfuric acid, and after 15 minutes values 
more than 10 per cent higher were obtained. The phosphorus equivalent 
of the 7.5 ml. of the filtrate of the control was subtracted from that of the 
experiment, and the value multiplied by 20 to give phosphorus, in mg., 
liberated by the amount of the enzyme present in 1 ml. of the erythrocytes, 
which is arbitrarily taken as the unit of pyrophosphatase. 
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Properties of Erythrocyte Pyrophosphatase 


Magnesium Activation—At the outset it was found that without added 
magnesium ions the pyrophosphatase activity of both the erythrocytes and 
the plasma was negligible, but by the addition of magnesium ions to a con- 
centration of 0.02 m, the erythrocyte enzyme activity increased to more 
than 100-fold, whereas activity of the plasma enzyme remained practically 
the same.! 

The influence of the addition of varying amounts of magnesium chloride 
to the erythrocyte enzyme buffered at pH 7.66 was studied, and it was 
found that at very low and at very high magnesium concentrations the 
enzyme activity decreased, showing thereby an optimum range for full 
activity. This range lies between 0.02 m and 0.05 M concentration of mag- 
nesium. In Fig. 1 gMg, a term introduced by Jenner and Kay (2), is 
plotted against the enzyme activity, expressed as per cent standard assay. 
(Standard assay refers throughout to the assay under the standard condi- 
tions, given above.) 

From Fig. 1 it can be seen that rather a high concentration of magnesium 
is required for optimum activity. The enzyme resembles the erythrocyte 
alkaline phosphatase (acting on glycerophosphate) in having magnesium 
as an activator, whereas the erythrocyte acid phosphatase (acting on 
phenyl phosphate) is reported (8) to be inhibited by magnesium. Various 
other phosphatases and pyrophosphatases possess an optimum magnesium 
concentration much less than that of the erythrocyte pyrophosphatase. 
Yeast pyrophosphatase (5) requires an optimum qMg of 2.7, and bacterial 
pyrophosphatases (4) require a gMg of 2.5 for Clostridium acetobutylicum 
and of 4.5 for Propionibacterium jensenii; the erythrocyte alkaline phospha- 
tase has a qgMg of 2.4; the only other enzyme that requires a high magnesium 
concentration is aminoethylphosphatase (9) from feces. It is reported 
that this enzyme requires a concentration of 0.08 to 0.1 M magnesium, 


1 A number of experiments were conducted with plasma as well as with the laked 
red blood cells of the same blood under the same experimental conditions as for the 
assay, but with 1:5 dilution of plasma instead of 1:10 erythrocytes. In almost all 
cases there was negligible activation of the plasma pyrophosphatase as shown by the 
activities with and without added magnesium. The values when magnesium was 
not added were very nearly equal to the blanks (7.e., substrate added after 30 minutes 
incubation), and in a few cases they are even less than the blanks, the difference 
being small and within experimental error. In one case of postarsenical jaundice, 
with a plasma bilirubin of 5 units and an icterus index of 20, a marked activation of 
the plasma pyrophosphatase by magnesium was found, the activation being about 
70 per cent of that of the erythrocyte pyrophosphatase of the same blood sample. 
But after 1 week, the same patient’s blood was tested, and the plasma was found to 
have lost its activity. 
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whereas the aminoethylphosphatase from the kidney requires only 0.005 
M magnesium. 

In connection with Mg activation, one interesting point observed was 
that in those experiments in which the pyrophosphate concentration was 
0.02 m and above there was turbidity due to the precipitation of magnesium 
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Fig. 1. Magnesium activation curve. 0.5 ml. of enzyme (1:10 red blood cells), 
3 ml. of buffer (pH 7.66), 0.5 ml. of 0.01 m sodium pyrophosphate, and 1 ml. of mag 
nesium chloride to give various final concentrations of magnesium. Incubation 
period, 30 minutes. 


pyrophosphate. In Table I are given the results of the effect of varying 
amounts of the activator and the substrate on the activity of the enzyme. 

From the data in Table I it can be seen that the rate of hydrolysis is 
actually increased, rather than being decreased. Since precipitation 
caused no depletion of the substrate, or of the activator, it may be inferred 
that the activator-substrate combination may be essential for the maximum 
activity of the enzyme. It should also be noted that higher concentrations 
of magnesium produce an inhibiting effect on the enzyme. 
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Protective Action of Magnesium on Enzyme—It was found that if the 
enzyme was incubated at 37°, prior to the assay, with buffer alone and 
without magnesium, most of the enzyme activity was lost. But on incuba- 
tion with magnesium the enzyme was protected to an appreciable extent. 
Table II gives the results of the enzyme activity after incubation with 
and without added magnesium for different time periods before the assay. 

The results support the view already advanced by Jenner and Kay (2) 
that the colloid enzyme particle has a high adsorptive capacity for Mg 
ions, resulting in enzymatic activity. On incubation of the enzyme with 
buffer without magnesium, the adsorptive capacity of the enzyme surface 


TaBLe I 
Enzyme Activity with Increased Concentrations of Magnesium and 
Pyrophosphate, and Effect of Precipitation of Magnesium 
Pyrophosphate on Activity 


0.5 ml. of enzyme, varying amounts of magnesium and pyrophosphate, and buffer 
to5ml. Incubation period, 30 minutes. 




















Concentration of Concentration of pyro- | Precipitation due to mag- | Activity, per cent of stand- 
magnesium phosphate nesium pyrophosphate ard assay 
M M 

0.01 0.001 | Nil 71 
0.01 0.002 | Slight | 90 
0.01 0.003 “ 99 
0.02 0.001 Nil 100 
0.02 0.002 Slight 130 
0.02 0.003 Marked 138 
0.05 0.001 Nil 104 
0.05 0.002 Marked | 135 
0.05 0.003 - 135 
0.1 0.001 Nil 87 
0.1 0.002 Marked 122 
0 1 F “c 


0.003 | 137 





is diminished, owing probably to partial inactivation of the enzyme. From 
Table IT it can be seen that even when magnesium is present there is gradual 
reduction of the activity. 

pH and Enzyme Activity—3 ml. of M/35 veronal-acetate buffer at various 
pH values were incubated with 1 ml. of magnesium chloride, 0.5 ml. of the 
enzyme, and 0.5 ml. of the substrate for 30 minutes, and the phosphate split 
was estimated. The reaction mixture darkened in the tubes at pH 3.8 and 
below. In more alkaline reactions, that is above pH 8.9, there was tur- 
bidity, due probably to the insolubility of both magnesium hydroxide and 
magnesium pyrophosphate. Enzyme preparations of different ages were 
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TABLE II ~ 
Protective Action of Magnesium on Enzyme 748 
0.5 ml. of enzyme incubated at 37° with 3.9 ml. of buffer, with and without 0.1 ml. | Th 
of 1 Mm magnesium for different periods; 0.5 ml. of 0.01 m pyrophosphate added to all, 
0.1 ml. of 1 M magnesium to those that do not contain magnesium; standard assay | pyro) 
procedure. | side, 
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Fig. 2. pH-activity curve. 0.5 ml. of enzyme (1:10 red blood cells), 3 ml. of buffer of 1 
at various pH values, 1 ml. of 0.1 a magnesium, and 0.5 ml. of 0.01 pyrophosphate. hor 


Incubation period, 30 minutes. 
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used and the optimum pH range was found to be the same in all cases. Fig. 
2 represents the pH-activity curve. The optimum pH range lies between 
7.4 and 8.2. 

The enzyme differs slightly from yeast pyrophosphatase (5) and bacterial 
pyrophosphatases (4) in having the optimum pH more towards the alkaline 
side, as in the case of other mammalian pyrophosphatases (10). Practically 
negligible activity was shown by the enzyme at both the alkaline pH 8.6 
and the acid pH 4.9, which correspond to the optimum for erythrocyte 
alkaline and acid phosphatases respectively. 

Temperature and Enzyme Activity—The enzyme activity was determined 
under standard conditions, but at varying temperatures of incubation. In 


TaBLe III 
Enzyme Activity with Temperature 
The enzyme was assayed as under the standard assay except that the temperature 
was varied. 
| Phosphorus liberated per 1 ml. erythrocytes 














Temperature PE ee re nee | 
| Enzyme 1 Enzyme 2 | Enzyme 3 
|. mg. | mg. mg. 
5 0.48 0.37 
15 0.75 
27 | 1.63 
30 | 2.45 
37 3.71 3.54 | 3.00 
50 3.02 | 2.50 
57 1.31 | 
67 0.44 





Table III the results of study of three different preparations are given. It 
can be seen that the optimum temperature lies near the body temperature, 
and that the optimum range is 30-50°. At 67° the protein was heat- 
coagulated in the first few minutes, whereas at 57° there was slight coagula- 
tion towards the end of the incubation. 

Progress Curve—The progress curves were studied both with moderate 
and very strong enzyme preparations. Curve A of Fig. 3 illustrates the 
results with moderately strong preparations, and Curves B and C with very 
strong preparations. In the case of Curve A about 65 per cent hydrolysis 
of the substrate occurs in 3 hours and thereafter the activity becomes 
negligible. Only about 25 per cent hydrolysis occurs in 30 minutes, whereas 
with the stronger preparation (Fig. 3, Curve B) about 90 per cent hydrolysis 
of the substrate occurs in the first 30 minutes and almost 100 per cent in 1 
hour. In both cases the hydrolysis curve was linear during the first 30 
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minutes. This behavior is seen only when the concentration of the sub. 
strate is kept low, as is evident from a comparison of Curves B and C, the 
same active enzyme being used in both cases, but with 6 times more of the 
substrate in the case of Curve C. 

Enzyme Concentration and Activity—The enzyme activity of two different 


preparations at various concentrations and over intervals of 1,2, and 5 hours | 
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Fig. 3. Progress curve. 0.5 ml. of enzyme (1:10 red blood cells), 3 ml. of buffer 
(pH 7.66), 1 ml. of 0.1 m magnesium, and pyrophosphate to give a final concentration 
of 0.001 m in Curves A and B and 0.006 min Curve C. Total volume,5 ml. Curves 
B and C are with the same enzyme preparation; Curve A from another. 


was studied, the substrate concentration (0.001 m) and magnesium concen- 
tration (0.02 m) in the reaction mixture being constant. With low erythro- 
cyte concentrations, 1:100 (7.e. 1:1000 in the reaction mixture), the activity 
was rather weak, but in erythrocyte concentrations of 1:20 to 1:5 direct 
proportionality was found to exist between the enzyme activity. and its 
concentration. Fig. 4 illustrates these results. 

Enzyme Activity and Substrate Effect—In view of its ability to form metal 
complexes, pyrophosphate is generally employed in enzyme studies to 


detect 
enzym 
tion of 
is repc 
0.01 M 


Pr 
of dif 


0.5 m 


alkal 
centi 
also 
T! 
strat 
on r 








he 


he | 


nt 








B. NAGANNA AND Y. K. NARAYANA MENON 509 


detect the presence of any metallic groups that might contribute to the 
enzyme activity. 0.03 m pyrophosphate is reported to inhibit the respira- 
tion of liver tissue in several media (11); inhibition of yeast pyrophosphatase 
is reported (5) to commence at 0.003 m, giving 50 per cent inhibition in 
0.01 m and 100 per cent in 0.03 m pyrophosphate; the purified intestinal 
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Fie.4. Enzyme activity with different enzyme concentrations. 0.5 ml. of enzyme 
of different concentrations, 3 ml. of buffer (pH 7.6), 1 ml. of 0.1 Mm magnesium, and 
0.5 ml. of 0.01 m pyrophosphate. Two different enzyme preparations were used. 


alkaline phosphatase also is reported (12) to be inhibited by higher con- 
centrations of pyrophosphate. The pyrophosphatase of red blood cells is 
also found to be inhibited by 0.01 m pyrophosphate. 

The main experimental difficulty encountered in the study of the sub- 
strate effect was the interference of the high pyrophosphate concentration 
on molybdenum blue color production. We had to dilute aliquots of the 
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test filtrates so as to get a final concentration of less than 0.001 m pyro- 
phosphate before developing the colors.” 





ACTIVITY AS°% STANDARD ASSAY 
0 20 40 60 80 100 120 140 160 180 








i i i L ry rm 


33 650 27 2 24 18 15 


qF,07 
Fic. 5. Enzyme activity and substrate effect. 0.5 ml. of enzyme (1:10 red blood 
cells), 3 ml. of buffer (pH 7.6), 1 ml. of 0.1 a magnesium, and pyrophosphate to give 
different final concentrations. Final volume, 5 ml. Incubation period, 30 minutes. 
Curves A, B, C, and D are for different human erythrocyte enzyme preparations; 
Curve E, goat erythrocyte enzyme. 





Fig. 5 illustrates the results obtained. gP2O; represents the negative 
logarithm of the molar concentration of the pyrophosphate in the reaction 


? While pointing out this difficulty, Schmidt and Thannhauser (12) have applied 
the method of King and Delory (26) for the estimation of phosphorus with “‘oxin” 
reagent. They found that with slight modification the method can be employed for 
the estimation of 2 y or more of phosphorus in a phosphate-pyrophosphate mixture 
containing not more than 100 y of pyrophosphate phosphorus. But we found by using 
the modification of Schmidt and Thannhauser that only 4 y or more of phosphorus 
could be estimated within 10 per cent error at room temperature, 32°, and 2 y or less 
of phosphorus gave more than 25 per cent higher recovery values. As it is not pos- 
sible to recover even 1 y of phosphorus in the test filtrates at the high dilution made 
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mixture. In Fig. 5 it can be seen that with increasing substrate concen- 
tration the activity of the enzyme is gradually decreased to negligible 
values. The splitting of the pyrophosphate progressively increases from 
0.0005 to 0.006 m pyrophosphate concentrations, and suddenly the rate 
falls, as is shown by a steep decline in the curves when the pyrophosphate 
concentration reaches 0.01 mM. The hydrolysis is about 50 per cent of the 
standard assay at 0.02 m, and at 0.03 m the enzyme activity, though not 
absent, is negligibly small. Further it can be seen that the maximum 
hydrolysis occurs in the range of 0.004 to 0.008 m pyrophosphate concen- 
tration, and in most cases the range is from 0.006 to 0.008 m. Weaker 
enzyme preparations (e.g. goat erythrocyte enzyme and older preparations 
of human erythrocyte enzyme) show the inhibitory effect of the substrate 
at even 0.04 m substrate. It might be that the weaker the enzyme the 
stronger would be the substrate inhibition at higher concentrations. 

Activators of Erythrocyte Pyrophosphatase—Of the many substances 
investigated for activating effect on the enzyme none was found to replace 
magnesium. In the presence of magnesium, bile salt showed definite acti- 
vation of the enzyme, the extent of activation being dependent upon the 
age of the enzyme. In the absence of magnesium, the bile salt had practi- 
cally no activating effect. Similarly very dilute solutions of cyanide 
(KCN) showed slight activating effect only in the presence of magnesium. 

The buffered enzyme containing the optimum amount of magnesium was 
incubated with sodium taurocholate (0.05 per cent salt in the incubation 
mixture) for 15 minutes, and then the substrate was added and the enzyme 
assayed. From the results of the enzyme activity with and without bile 
salt, the percentage activation due to the bile salt was calculated. With 
very active enzyme preparations, activation due to bile salts was about 20 
to 30 per cent and with less potent preparations from 50 to 70 per cent. 
Older enzyme preparations, which had lost most of their activity, could not 
be restored to their original activity, but this could be doubled. The bile 
salt activation is probably due to peptization of the enzyme protein. The 
cyanide activation, on the other hand, might be due to removal of metal 
inhibitors. 

Inhibitors of Erythrocyte Pyrophosphatase—Various substances, which 
are known to be enzyme inhibitors, were studied to elucidate the nature of 
the groups that contribute to the erythrocyte pyrophosphatase activity. 





to bring the pyrophosphate concentration to 100 y of phosphorus, we used the method 
of Fiske and Subbarow. By adding known amounts of orthophosphate to different 
concentrations of pyrophosphate in water and estimating the phosphate, it was 
found that the per cent error in the recovery was negligible when the pyrophosphate 
concentration was 0.001 M or less. 
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The buffered enzyme containing the optimum amount of the activator 
(0.02 m Mg) was incubated with varying concentrations of the inhibitors 
(adjusted to pH 7.6) for 15 minutes, and then the substrate was added and 


TaBLe IV 


Inhibition of Magnesium-Activated Enzyme by Different 
Concentrations of Inhibitor 


— ; 7 
Inhibitor } Per cent inhibition 
Final concentration of inhibitor in in- 
cubation mixture 


lon Substance used eens ke Pee one E Se 
0.00002 "9.0002 at 0.002 wr | 0.01 at | 0.02 x 
Cu Copper sulfate 90 | 100 | 100, 100 | 100 
F | Sodium fluoride 52 95 100 | 100; 100 
Zn Zine sulfate 96 100 100 100 
Ag | Silver nitrate 100 ~—-:100 
Hg | Mercurie chloride 98 | 100 
Fe | Ferric alum 0 7, 100 
| Ferrous ammonium sulfate | o*; 53 60 
Co | Cobalt sulfate 60 94 | 100 
Mn | Manganese nitrate 75 | 100 
Al | Potash alum 0 
Be | Beryllium chloride | 31 74 
Ba | Barium chloride 60 75 80 
Ca _ Calcium chloride | 80; 100; 100 
CN Potassium cyanide 0* 0* 0 | 80 
Alloxan a 100 
Iodoacetate | Sodium salt 18 | 61 
Arsenate * 66 75 80 
Arsenite as 7 21 33 
Citrate =F “s | 10; 40 90 
Oxalate ee a 0 20 60 
Malonate os ni 10 30 70 
Succinate ” ne 0 0 0 
Tartrate - - 0 0 10 
Formaldehyde 90 96 
Sulfanilamide 0 0 | 0 
Hydroxylamine 0 0 0 
Semicarbazide 0 0 0 
Hydrazine 0 0 0 


* Slight activation. 


the enzyme assayed. Controls without the inhibitor and blanks with the 
substrate added just before the trichloroacetic acid were set up simul- 
taneously. From the results the percentage inhibition was calculated. 
Table IV illustrates the summary of the results obtained. 
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Metallic Inhibitors 


Most of the heavy metallic ions in moderately low concentrations pre- 
cipitate proteins. Cu, Hg, Ag, and Zn were found to inactivate the enzyme 
in extremely low concentrations, probably by denaturing the enzyme pro- 
tein. Zn gave visible protein precipitation in 0.001 m concentration. It 
also gave almost complete inhibition in 0.0002 m concentration, whereas 
higher concentrations are reported to be required to inhibit the yeast pyro- 
phosphatase (5). Cobalt and manganese also are fairly inhibitory, cobalt 
more so than manganese. In this connection it might be mentioned that 
Pett and Wynne (4, 13) reported appreciable activation of several bacterial 
pyrophosphatases by zinc in low concentrations, in some cases more than 
that due to magnesium. Hove et al. (14) working with purified alkaline 
phosphatase showed that appreciable activation of the enzyme could be 
obtained with minute amounts of zine (0.04 mm) and also with manganese, 
and that glycine, alanine, and other a-amino acids would “‘coactivate” the 
zinc activation. King et al. (8) also reported activation of erythrocyte acid 
phosphatase by manganese. But Schmidt and Thannhauser (12) working 
with purified intestinal alkaline phosphatase could not demonstrate any 
activation with either zinc or amino acids. We found (data not included 
in Table IV) that minute quantities of zinc, manganese, glycine, and ala- 
nine, produced definite, though very small, activation of erythrocyte pyro- 
phosphatase only in the presence of magnesium. Probably the effect would 
be more marked on the purified enzyme. 

Ferric ion was more inhibitory than ferrous ion, but neither produced 
inhibition at low concentrations in which the other heavy metallic ions 
showed almost complete inhibition. Ferrous ion was found to cause slight 
activation when it was employed in very low concentrations (0.0002 m), 
but only in the presence of magnesium. The slight stimulatory effect 
might be due to regeneration of some of the groups that might be present 
in the oxidized form. Aluminum was tried but:no inhibition could be 
obtained. As it forms the hydroxide at the pH employed, it was used only 
in the form of a suspension. Higher concentrations of aluminum were not 
tried. 

Effect of Calcium, Barium, and Beryllium—Calcium-magnesium antag- 
onism is recognized in many of the enzyme reactions in which one of the 
ions is an activator. Thus the adenosinetriphosphatase of myosin is 
activated by calcium and inhibited by magnesium, but the same enzyme 
derived from electrical tissue is activated by magnesium and inhibited by 
calcium (15); the process of plasma clotting is activated by calcium and 


' inhibited by magnesium (16, 17); the pyrophosphatases of liver and electri- 
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cal tissue (15) and of yeast (5) are activated by magnesium and inhibited 
by calcium. With erythrocyte pyrophosphatase also it was found that the 
magnesium-activated enzyme could be completely inhibited by calcium, 
Fig. 6 illustrates the results obtained with calcium, barium, and beryllium 
as inhibitors of the magnesium-activated enzyme. In these experiments, 
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Fig. 6. Antagonism of magnesium with Be, Ba, and Ca. 0.5 ml. of enzyme (1:10 
red blood cells), 3 ml. of buffer (pH 7.6), 0.5 ml. of 0.01 st pyrophosphate, and varying 
concentrations of Mg, Ba, Ca, and Be. Final volume, 5 ml. Incubation period, 
30 minutes. Same enzyme preparation in each case. O, magnesium concentration 
constant (0.02 Mm), X, calcium concentration constant (0.002 m), @, higher concentra- 
tions of both calcium and magnesium. 





the activator and its antagonist were added at the same time, and, without 
prior incubation, the enzyme was assayed. In estimating phosphorus in 
those experiments in which higher concentrations of barium were used, we 
had to add a couple of drops of magnesium sulfate (saturated solution) 
before precipitating the proteins with trichloroacetic acid, as otherwise the 
barium would cause turbidity when molybdate in sulfuric acid was added. 
Beryllium was tried only as a suspension, since it was not possible to get a 
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clear solution at pH 7.6. From Fig. 6 it can be seen that barium and 
beryllium also inhibit in the same concentration range as does calcium, but 
they are less effective, and complete inhibition could not be obtained even 
at 0.02 m, whereas calcium produces complete inhibition at 0.01 m. 

A number of experiments were done with constant magnesium concen- 
tration (0.02 mM) and varying concentrations of calcium, and with constant 
calcium concentration (0.002 and 0.004 m) and varying magnesium con- 
centrations, and with uniformly increased concentrations of both to give 
Ca:Mg = 0.1 to 1.0mMmagnesium. The results are summarized in Table V. 

From Table V it can be seen that only less than 20 per cent activity 
remains at Ca:Mg = 0.1. Higher concentrations of calcium with pro- 


TABLE V 


Inhibition of Magnesium-Activated Enzyme with Different 
Concentrations of Calcium 














cmciaie | come S| com, SES 
M | M 

0.02 0.1 19 0.002 0.05 32 
0.02 SS ee 0.002 0.033 34 
0.02 0.3 | 4 0.002 0.025 | 41 
0.02 04 | 3 0.002 0.02 43 
0.02 of. -] 2 0.004 0.1 19 
0.02 0.75 | 0.6 0.004 0.066 26 
0.02 | 10 | 0.5 0.004 0.05 30 
| | 0.004 0.04 36 

| 0.006 0.1 15 

| | 0.008 0.1 15 

| | 0.01 0.1 | 14 











portionate increase in magnesium concentration produce further reduction 
in activity, and with weaker and older enzyme preparations the calcium 
effect was found to be still more pronounced. Further, it was found that 
incubation with both calcium and magnesium for 15 minutes prior to the 
assay gave in some cases almost complete inhibition with Ca:Mg = 0.1. 
This point strongly suggests that calcium competes with magnesium for 
some active centers of the enzyme. It was also found that by using 
higher concentrations of the substrate the same extent of inhibition, 7.e. 
about 75 per cent with 0.006 m substrate and about 85 per cent with 0.001 
M substrate, was observed, thereby supporting the point that the calcium 
inhibition due to substrate depletion must be slight, and that calcium 
essentially competes with magnesium for some active centers on the en- 
zyme surface. 

In view of the activation of the enzyme by sodium taurocholate, we tried 
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to determine whether bile salt could remove the calcium adsorbed on the 
enzyme surface and thus prevent inhibition. The results are presented in 
Table VI, from which it will be noted that bile salt has very little effect. 
Calcium evidently has a great affinity for some active centers on the 
enzyme surface. It is also evident from Table VI that calcium inhibition 
is mainly due to its competition with magnesium for the active centers of 
the enzyme, and not for the substrate. 

Though Be, Mg, Ca, and Ba belong to the same group in the periodic 
table, the action of calcium seems to be more specific as a divalent activator. 
competitor. Calcium is physiologically an essential element having a very 
wide distribution, and the concentration of calcium is always more than 


Tass VI 
Effect of Bile Salt on Calcium Inhibition of Magnesium-Activated Enzyme 


0.5 ml. of enzyme, | ml. of 0.1 M magnesium, and substrate and buffer to 5 ml. 
Two strengths of the substrate were employed to give final concentrations of 0.001 
and 0.004 m pyrophosphate. When calcium or bile salt or both were added, the 
volume of the buffer was reduced to give a final volume of 5 ml. In the latter cases 
the enzyme was incubated with the reagents for 15 minutes prior to the addition of 
the substrate. 


ma 4 
Phosphorus liberated per 1 ml. red blood 
cells 
0.001 m substrate | 0.004 m substrate 

& } 
: 





mg. mg. 
Magnesium-activated enzyme 2.22 3.24 
1 “+ 0.1 ml. 0.1 m 0.4 0.82 
calcium 
Magnesium-activated enzyme + 0.5 ml. 1% 4.08 4.45 
sodium taurocholate 
Magnesium-activated enzyme + 0.1 ml. 0.1 m 0.54 1.2 


calcium + 0.5 ml. 1% sodium taurocholate 
that of the magnesium in any tissue. It is still more interesting to note 
that the calcium present in blood is almost exclusively distributed in the 
plasma and not in the erythrocytes. Probably this accounts for the negli- 
gible results observed for the plasma pyrophosphatase. 


Effect of Sulfhydryl Inhibitors 


To determine whether the enzyme requires the integrity of SH groups 
for its activity we tried the effect of substances which influence the SH 
groups by oxidation or association. From the following results it can be 
stated that intact SH groups are essential for the erythrocyte pyrophos- 
phatase activity. 
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Alloxan, which acts as an oxidant of SH groups in low concentrations, 
gave complete inhibition in 0.02 m concentration. 

Copper, which even in minute amounts is known to react with SH groups 
and thus inhibit all SH enzymes, gave almost complete inhibition in 0.00002 
m concentration. 

The inhibitory action of todoacetate is considered to be a relatively slow 
process (18). But we found that in a concentration of 0.02 m it produced 
about 60 per cent inhibition. 

Dicarboxylic Acids—Hopkins et al. (18) found that the SH enzyme suc- 
cinic dehydrogenase was inhibited by malonate, and they regarded the 
inhibition as due to some effective association of the malonate with some 
active groups of the enzyme, and considered that these active groups are 
possibly the SH groups. Moreover, they stated that the most efficient 
inhibitors of the succinic dehydrogenase are dicarboxylic acids and pyro- 
phosphoric acid, and hence concluded that two acidic groups seem to enter 
into special relation with the enzyme. We investigated the effect of five 
di- and tricarboxylic acids, viz. oxalic, malonic, succinic, tartaric, and citric 
acids. Citrate showed more inhibition of the enzyme (see Table IV) than 
did oxalate or malonate, the latter being fairly inhibitory in 0.02 m con- 
centrations. But the 4-carbon dicarboxylic acids, succinic and tartaric 
acids, produced practically no inhibition even in 0.02 m concentrations. 
Probably the special configuration of the substance decides its inhibitory 
effects on the enzyme. 

Arsenate and arsenite are generally regarded as SH inhibitors. Pett and 
Wynne (19) have reported that arsenate and arsenite at 0.01 to 0.002 m 
produce appreciable activation (up to 90 per cent) of the ox erythrocyte 
enzyme acting on hexose diphosphate at pH 6.5, but the same enzyme 
acting on glycerophosphate at pH 6.1 showed definite, though slight, 
inhibition. They regard the acceleration caused by these ions as due to 
an effect exercised at some stage of the breakdown of the organic portion of 
the phosphoric ester. We found that both arsenate and arsenite (and also 
neoarsenobilon) show inhibition in low concentrations, and that arsenate 
especially destroys more than half of the activity of the enzyme in 0.002 m 
concentration. 

Fluoride, cyanide, and pyrophosphate ions are supposed to form complexes 
with metal ions, and an enzyme that contains a metallic group as an active 
group is inhibited by these ions. Fluoride completely inhibits the erythro- 
cyte pyrophosphatase in extremely low concentrations (0.0002 m), whereas 


* We found that malonate, succinate, and tartrate showed no interference with the 
color development of molybdenum blue, but that citrate and oxalate showed marked 
inhibition, and that the interference was abolished when the concentration of the 
dicarboxyalate was reduced to 0.005 m before the colors were developed. 
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in such low concentrations cyanide showed activation, probably by remoy- 
ing traces of metallic ions such as copper, or by liberating more SH groups. 
Cyanide and pyrophosphate show inhibition only when their concentrations 
are about 0.04 m. But this inhibition can be completely abolished by 
simple dilution to about 10 times. Probably these two inhibitors form 
some loose complexes with some active groups of the enzyme (perhaps SH 
or metallic groups), and the complex formation may be dependent on the 
concentration of the inhibitor. Hopkins et al. (18) stated that maloniec and 
other dicarboxylic acids protect succinic dehydrogenase against oxidation 
by oxidized glutathione, presumably by combining with the SH groups of 
the enzyme. The combination is so loose as to be easily disrupted by 
washing. We observed that by dilution it was possible to abolish the 
inhibitory effects of the dicarboxylates, pyrophosphate, and cyanide. 

To find out whether the cyanide and pyrophosphate produce any per- 
manent inactivation of the enzyme by prolonged incubation, the following 
experiment was set up. The incubation period was 2 hours, as otherwise 
the enzyme itself shows decrease in activity after longer periods prior to 
assay. Magnesium was not added during the period of incubation, but 
only at the time of the assay. As the enzyme concentration in the incu- 
bation mixture was 1:20 erythrocytes, the enzyme retained sufficient 
activity after the 2 hour incubation without magnesium. 

Three tubes were set up as follows, with 1:10 erythrocytes as the enzyme 
and buffer (pH 7.6); Tube A, 3 ml. of enzyme, 1 ml. of buffer, and 2 ml. 
of water; Tube B, 3 ml. of enzyme, 1 ml. of buffer, and 2 ml. of 0.1 M cyanide; 
Tube C, 3 ml. of enzyme, 1 ml. of buffer, and 2 ml. of 0.1 m pyrophosphate. 
All the tubes were incubated for 2 hours at 37°, and then the activity was 
tested on 1.2 ml. aliquots (corresponding to 0.5 ml. of the enzyme); the 
details are summarized in Table VII. 

From the results it can be seen that by dilution cyanide inhibition is 
completely abolished (actually more activity is obtained), whereas the 
pyrophosphate still shows some inhibition. The cyanide-enzyme complex 
is evidently a loose combination which can be resolved easily by dilution. 
These two inhibitors may be producing inhibition in higher concentrations 
by acting differently or on different groups. Since Hopkins et al. (18) 
observed in connection with the inhibitory action of dicarboxylic and pyro- 
phosphoric acids on succinic dehydrogenase that two acidic groups seem to 
enter into structural relation with the enzyme, our results on pyrophosphate 
inhibition as well as that of citrate, malonate, and oxalate may be dve to 
such effects. 

From the literature we find that the effect of cyanide on various phos- 
phatases is reported to be inhibitory in some cases (2, 12) and without any 
effect in others (4, 5). Drill et al. (20) working with dogs produced evi- 
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dence that normal serum contains only a very small amount of cyanide- 
sensitive phosphatase and that the rest is cyanide-insensitive, and that the 
former is increased abnormally in liver damage. 

To ascertain whether the cyanide inactivation is due to interaction with 
CO groups of the enzyme, the effect of certain keto fixatives was tried. 

Keto Fixatives—Hydrazine, hydroxylamine, and semicarbazide were used 
as keto fixatives by Taylor and Gale (21). We tried all three in varying 
concentrations and found that none gave any inhibition, showing that the 
enzyme does not require the integrity of CO groups. Higher concentra- 


Taste VII 


Enzyme Activity after 2 Hours of Incubation with Cyanide 
and with Pyrophosphate 


Solution A, enzyme incubated with water for 2 hours; Solution B, enzyme in- 
cubated with cyanide; Solution C, enzyme incubated with pyrophosphate. 





| Phosphorus liberated 








per 1 ml. red blood cells 
mg. 
1.2 ml. Solution A, 1 ml. 0.1 m Mg, 0.4 ml. 0.1 m cyanide, 0.5 2.46 
ml. 0.01 m pyrophosphate, buffer to 5 ml. 
1.2 ml. Solution B, 1 ml. 0.1 m Mg, 0.5 ml. 0.01 m pyrophos- 2.58 
phate, buffer to 5 ml. 
1.2 ml. Solution A, 2 ml. 0.1 m Mg, 0.4 ml. 0.1 m cyanide, 1 2.67 
ml. 0.01 m pyrophosphate, buffer to 10 ml. 
1.2 ml. Solution B, 2 ml. 0.1 m Mg, 1 ml. 0.01 m pyrophos- 3.00 
phate, buffer to 10 ml. 
1.2 ml. Solution A, 1 ml. 0.1 m Mg, 0.4 ml. 0.1 Mm pyrophos- 1.35 
phate, buffer to 5 ml. 
1.2 ml. Solution C, 1 ml. 0.1 m Mg, buffer to 5 ml. | 0.90 
1.2 ml. Solution A, 2 ml. 0.1 m Mg, 0.4 ml. 0.1 mM pyrophos- | 2.70 
phate, buffer to 10 ml. 
1.77 


1.2 ml. Solution C, 2 ml. 0.1 m Mg, buffer to 10 ml. 





tions of hydrazine could not be used, as it interferes with phosphorus 
estimation. 

Formaldehyde Inhibition—Gould (22) studying the action of nitrous acid 
and formaldehyde on various phosphatases showed that amino groups are 
essential for the activity of bone, kidney, and intestinal phosphatases. He 
further observed that crude preparations of the enzyme are more sensitive 
to low concentrations of formaldehyde than are purer preparations. He 
suggested that formaldehyde acts on protein associated with the enzyme 
in the crude preparation. Hove et al. (14) found that amino and carboxyl 
groups in the @ position are coactivators in the activation of dialyzed 
intestinal phosphatase by zinc. Abul-Fadl and King (23) have recently 
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reported that formaldehyde inhibits erythrocyte acid phosphatase, while 
prostatic acid phosphatase is quite unaffected. 

From Table IV it can be seen that 0.01 m formaldehyde produces almost 
complete inhibition of the erythrocyte pyrophosphatase. Both the reaction 
time and the concentration of the formaldehyde used by us were less than 
those employed by Gould (0.33 to 0.1 m formaldehyde; reaction time from 
6 to 24 hours). 

Miscellaneous—Sulfanilamide, creatine, and creatinine were tried and 
found to have no effect on the enzyme. The amount or strength of the 
pyrophosphatase does not seem to be constant in all persons. A difference 
in the pyrophosphatase activity of the red cells of different species of ani- 
mals has also been observed, as in the case of the alkaline phosphatase 
observed by Jenner and Kay (2). The red cells of goat, sheep, rabbit, dog, 
guinea pig, and man have been examined, and of these guinea pig corpuscles 
were found to contain the most active enzyme. 


DISCUSSION 


It has been shown that the red blood cell pyrophosphatase requires mag- 
nesium as a coenzyme and that calcium acts as a competitive inhibitor. 
It was also indicated that the activator-substrate combination produces 
maximum hydrolysis of the substrate. However, both the substrate and 
the activator produce inhibition above certain concentrations, the substrate 
inhibition being much more than that due to the activator. 

Bile salt enhances the enzyme activity only in the presence of magnesium, 
and it has practically no effect in the absence of magnesium. Evidently 
the function of bile salt is to render more of the enzyme surface accessible 
to the activator and the substrate. 

The results of various SH inhibitors suggest that erythrocyte pyrophos- 
phatase may be an SH enzyme. All reagents reacting with SH produced 
inhibition. Arsenite, which is supposed to be an efficient SH reagent, pro- 
duced only slight inhibition. Zittle et al. (24) have recently reported that 
0.002 m arsenate inhibited the breakdown of di- and monoesters of phos- 
phoric acid (poly- and mononucleotides), whereas arsenite produced no 
inhibition even in 0.0025 m concentration, and they considered that the 
usual SH inhibitive effects of arsenate and arsenite were not involved in 
their experiments. Further they concluded that arsenate inhibition was 
not, due to competition of the inhibitor with the substrate. Barron et al. 
(25) found that the SH enzyme succinic dehydrogenase was inhibited only 
to a small extent by arsenite when compared to lewisite inhibition. The 
arsenite inhibition of SH enzymes may not after all be so specific as it was 
generally assumed. 

Though fluoride inhibition indicates the possible presence of a metallic 
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group, the pyrophosphate and cyanide inhibitions might not have been due 
to formation of any metal complexes, as the inhibitions in both the latter 
cases could be completely abolished by dilution. 

The formaldehyde inhibition indicates that intact amino groups in the 
enzyme preparation may be essential. However, the importance of amino 
groups cannot be assessed unless purified enzyme is tested. The possi- 
bility that denaturation of the protein component of the enzyme is the 
cause of the inhibition cannot be overlooked. 


SUMMARY 


|. Erythrocytes are found to contain a pyrophosphatase which is prac- 
tically inactive without added magnesium, but shows marked activity in 
the presence of 0.02 mM magnesium chloride. 

2. The optimum pHi lies in the range of 7.4 to 7.8. 

3. The enzyme deteriorates rapidly when kept at 37°, but in the presence 
of magnesium it seems to retain some of its activity. 

4. The enzyme action diminishes with higher concentrations of the acti- 
vator or the substrate. 

5. Magnesium activation of the enzyme is antagonized by calcium or 
barium. 

6. Magnesium activation of the enzyme is enhanced in the presence of 
bile salt. 

7. The enzyme is inactivated by minute amounts of heavy metals and 
fluoride. Cyanide, arsenic compounds, formaldehyde, and some dicar- 
boxylie acids inhibit the enzyme acitivity. 

8. The inhibition of the enzyme by copper, iodoacetic acid, alloxan, ete., 
suggests that the erythrocyte pyrophosphatase may be an SH enzyme. 
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QUANTITATIVE MICRODETERMINATION OF ESTROGENS BY 
ULTRAVIOLET ABSORPTION SPECTROPHOTOMETRY* 
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(Received for publication, January 21, 1948) 


It is recognized generally that a qualitative and quantitative knowledge 
of the excretion pattern of the urinary estrogens is one index to an under- 
standing of the functional activity of the ovary and adrenal cortex. Ob- 
viously, such determinations may be useful also in evaluating the normal 
and abnormal functions of other physiologically related endocrine glands 
as well as of organs like the liver and kidneys. The clinical applications 
of these data are self-evident. 

Various attempts have been made to circumvent the notoriously inac- 
curate values which have been obtained for the urinary estrogens by a 
variety of bioassay methods and colorimetric techniques (1, 2). The 
acknowledged shortcomings of these methods have led us to investigate the 
application of ultraviolet absorption spectrophotometry to the quantitative 
determination of the urinary estrogens in an attempt to develop an objective 
physical method for their accurate determination. It is known that the 
infra-red portion of the spectrum yields more differentially characteristic 
curves, but those of the ultraviolet range are more readily obtainable, and 
consequently better adapted to clinical use. 

This communication is concerned with studies of the following aspects 
of the problem: (1) spectrophotometric identification and quantitative 
micro determination of crystalline estrogens; (2) detection by spectro- 
photometric assay of gross errors in current methods for extraction and 
partition of estrogens; (3) studies on the ultraviolet absorption of sub- 


* These studies were supported in part by Ciba Pharmaceutical Products, Inc., 
to whom we express our appreciation. We are also indebted to Ciba Pharmaceutical 
Products, Inc., for the estradiol, to Dr. Gregory Pincus for the estrone, and to Parke, 
Davis and Company for the estriol used in these experiments. 
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stances comprising the background material; (4) separation of the phenolic 
estrogens from the so called neutral steroid fraction; (5) separation of 
urinary estrogens from other urinary phenolic substances by steam dis- 
tillation; (6) micro-Girard separation of estrone from estradiol; (7) an 
essentially new method for the extraction and partition of crystalline 
estrone, estradiol, and estriol, and their quantitative assay by ultraviolet 
spectrophotometry. 


Spectrophotometric Identification and Quantitative Microdetermination of 
Crystalline Estrogens 


Ultraviolet absorption spectra of chemically pure crystalline estrone, 
estradiol, and estriol were determined with the Beckman quartz spectro- 
photometer. The region from 226 to 300 my was investigated, and 
curves were constructed from points determined at intervals of 2my. The 
corrected constant melting point of each of these compounds was deter- 
mined in order to establish the purity of the compounds. These values 
were found to be 258° for estrone, 273-274° for estriol, and 176.7° for 
a-estradiol. 

Experimental Procedures—4 or 5 ml. of U.S. P. 95 per cent ethy! alcohol 
were used throughout these experiments as a solvent for the residues of the 
substances that were subjected to ultraviolet spectrophotometry. This 
solvent has the advantage of being transparent from the visual range to 
200 mu. The alcohol was not redistilled, because its use as the blank for 
the setting of the spectrophotometer compensated adequately for the 
insignificant amount of absorption due to its impurities. All of the experi- 
ments currently reported were controlled in this fashion. 

25 mg. of each of the three estrogens were dissolved in 95 per cent ethy! 
alcohol and made up to volume in a 25 ml. volumetric flask. Aliquot 
portions of each standard were diluted quantitatively subsequently to give 
concentrations of 125, 100, 75, 50, 25, and 12.5 y per ml. These dilutions 
were used in the construction of the individual calibration curves. 

Results—The ultraviolet absorption curves of estrone, estriol, and estra- 
diol were found to be very similar. Our observations are in essential agree- 
ment with those in the literature (3-8) in so far as the general shape of these 
absorption curves is concerned. The estrone and estriol are characterized 
by a minimal density at 248 mp and maximal densities between 280 and 
282 mu with a secondary peak at 288 my. Another maximal density is to 
be found below 230 my. Estradiol shows the same peaks as estrone and 
estriol, but the lowest extinction occurs at 252 mu. The secondary peak, 
which was observed at 288 my in the curves for all three estrogens, is to be 
found in the absorption curves for estrone published by Hogness ef al. (3), 
Mayneord and Roe (4), and Callow (5), although they do not call attention 
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to this point specifically in their texts. The constancy of the appearance 
of this secondary peak in the curves for all three estrogens suggests that it 
may be of significance in connection with the molecular structure of these 
substances. Between 280 and 288 mu, our absorption curve for estrone is 
in general accord with that of Heard and Hoffman (6), but it differs con- 
siderably from the characteristics of their curve below and above these 
points. 

Although the data in the literature indicate that the spectrophotometric 
curves for estrone, estradiol, and estriol are essentially identical, we have 


TABLE I 


Differences in Densities and Molecular Extinction Coefficients 
of Estrogens at 280 mu 


Estriol Estrone | Estradiol 














Density Density Density 
y per mil. 100 -y per ml. | y per ml. | 100 > per ml. | ¥y per ml. 100 > per ml. 
25 0.716 25 0.760 | 50 0.754 
50 0.664 50 0.760 | 52 0.769 
52 0.664 75 0.774 | 75 | 0.717 
75 0.713 98 0.793 | 99 0.707 
92 0.714 100 0.758 | 100 0.689 
100 0.682 103 0.779 101 0.724 
101 0.710 107 0.769 | 105 0.734 
104 0.734 125 0.740 | 112 0.734 
108 0.708 125 0.736 
125 0.690 
Average ee 0.700 0.767 0.729 
«* A 2000 2073 1970 





e = (1/er) logio ((o/Iz), in which e = molecular extinction coefficient, c = gm. 
molecules per liter, r = width of cell in em., logio (Jo/Iz) = density. 


* 


found a significant difference in the density per unit weight at a given con- 
centration at 280 mu (Table I). The average density values for 100 y per 
ml., as determined by a series of experiments of varying concentrations, 
are 0.700 for estriol, 0.767 for estrone, and 0.729 for estradiol. These differ- 
ences are not due solely to differing molecular weights. Apparently, the 
carbonyl group in Ring D of estrone enhances its density at 280 my, because 
this group exhibits an absorption maximum in that region. On the other 
hand, the hydroxyl groups in Ring D of estriol and estradiol show a maximal 
absorption at 186 muy, and therefore do not influence the density values at 
280 mu. So far as the difference between estriol and estradiol is concerned, 
one should note that on an absolute weight basis there are a larger number 
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of estradiol molecules than estriol molecules in a solution of a given con- 
centration. This is in accord with the experimental data, which indicate 
that the density of the estradiol solution is greater than that of the estriol 
solution. 

We have also determined that the minimal density of the estradiol differs 
consistently, but not remarkably, from that of the estrone and estriol. 
Since this difference is relatively small, these three estrogens must be 


ed 200 
u0}— 
» 125% 
% 
rf 
Q 100¥ 
un -7OF—- 
SX 
3 
S sof 
" 5O0Y 
y 
30t- 
tor 
one 0 soe Boek o Wtrreervet eres cee eee 








226 234 242 250 258 266 274 282 290 298 
WAVE LENGTH IN MLL 


Fic. 1. The effect of concentration upon the ultraviolet absorption of estradiol 


separated quantitatively before the spectrophotometric method can be 
used for their determination. 

The effect of concentration of estradiol upon the ultraviolet absorption 
is shown in Fig. 1. As might be expected from the decreased sensitivity of 
the instrument above E = 1.00 and below Z = 0.10, the extinction coeffi- 
cient is proportional to the concentration only between those limits. 

The peak at 280 my was selected for the construction of a calibration 
curve for each of the estrogens (Fig. 2). It is clear from these data that 
the relation between density and concentration follows Beer’s law between 
E = 0.10 and FE = 1.00 at a wave-length of 280 mu. The reproducibility 
of results at a wave-length of 280 mu was tested on 10 successive days with 
each of the three estrogens in dilutions of 100 y per ml. The percentage 
variation from the mean was found to be negligible (Table II). The data 
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on the concentration-extinction relationship in Fig. 2 are not in agreement 
with those of Reynolds and Ginsburg (7). Since they omitted reference 
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Fic. 2. Calibration curves of estrone, estradiol, and estriol, respectively, in 95 
per cent ethyl alcohol at a wave-length of 280 mp. X = estrone; O = estradiol; 
@ = estriol. 


TaBLeE IT 
Reproducibility of Density Values for Estrogens at 280 mu 








Estriol 
































Estrone | Estradiol | 
| Per cent vari- Per cent vari- Per cent vari- 
Density | ationfrom | Density ation from | Density ation from 
mean | mean mean 
0.824 0.2 0.708 0.4 | 0.7 0.4 
0.830 | 0.5 0.718 1.0 | 0.695 0.3 
0.815 | 1.1 | 0.709 0.3 0.690 1.0 
0.824 | O02 | 0.705 0.8 0.696 | 0.1 
0.828 | 0.2 | 0.708 0.4 0.700 | 0.4 
0.825 | 0.1 0.712 0.1 0.700 | 0.4 
0.824 | 0.2 0.720 1.3 0.7 0.4 
0.838 | 1.4 | 0.712 0.1 0.700 0.4 
060 | O68 > (Om 0.1 0.695 | 0.3 
0.820 | 0.7 0.710 a 4 | 
Mean....0.826 | 0.711 0.697 








to the melting points of their preparations, there is no way of determining 
the purity of the hormones employed in their studies. 
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One may conclude from the calibration curves of Fig. 2 that each of the 
estrogens may be determined with accuracy only in concentrations above 
12 to 15 y per ml. of alcoholic solution. Various studies indicate that the 
total estrogen excretion in certain phases of the menstrual cycle may be 
such that the concentration of estrogens in the final alcoholic extracts js 
well below this amount. This would make it necessary in certain circum- 
stances to extract pooled urine specimens of several days excretion in order 
to determine their estrogen content. We have applied the technique of 
lyophilization to urine in order to make it possible to collect and concen- 
trate it in relatively large quantities without running the risk of chemical 
alteration of its steroid content (9). 


Detection by Spectrophotometric Assay of Gross Errors in Current 
Methods for Extraction and Partition of Estrogens 


Critique of Currently Accepted Methods for Partition of Estrogens—A 
detailed analysis of the literature on data obtained by methods in general 
use for the partition and assay of urinary estrogens discloses that the 
quantitative accuracy claimed for them is not in accord with the results 
on which this contention is based. The foregoing statement may seem 
startling in view of the wide-spread and relatively unquestioned acceptance 
of these methods. The facts speak for themselves, however. 

Working with aqueous solutions of crystalline estrogens, Cohen and 
Marrian (10) observed that their method of partition yielded a recovery of 
78 to 93 per cent of estriol and 96 to 106 per cent of estrone. Furthermore, 
from the urines to which crystalline estriol and estrone were added, respec- 
tively, they recovered 97 per cent of the estriol and 93 per cent of the 
estrone. In the light of what we now know of the expected 20 per cent 
loss of estriol in the Na,CO; washings, added to the inevitable large loss of 
estriol during a 2 to 4 hour hydrolysis at pH 1 to 2, these high recoveries 
are open to question. As a consequence, one is inclined also to wonder 
about the quantitative accuracy of their values for the recovery of estrone, 
particularly since they themselves have acknowledged that in the estrone- 
estriol partition 20 per cent of the estrone is carried over into the estriol 
fraction. 

Using the Cohen and Marrian technique, except for a recognized improve- 
ment in the conditions for hydrolysis, Smith, Smith, and Schiller (11) found 
that the results obtained in exploratory partition experiments, which they 
singled out for special study, could not be duplicated when estrogens were 
submitted to the entire procedure of extraction and partition. They reported 
that the three estrogens could be separated quantitatively when submitted 
to partition alone. However, when carried through the entire procedure, 


they observed that the recovery of estrone was between 60 and 105 per 
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cent, that the recovery for estriol varied between 33 and 103 per cent, and 
that estradiol was recovered in amounts varying from 40 to 99 per cent of 
the added material. 

To explain this discrepancy, Smith, Smith, and Schiller attributed the 
inconsistent results to an inadequate recovery from NaOH of the separated 
estrogens, rather than to the Cohen and Marrian technique of partition. 
Although they claimed uniformly higher recoveries of added estrogens when 
they modified the technique in accordance with their theory, an analysis of 
the data suggests that their conclusions were based on insufficient evidence. 

In view of the foregoing, it would seem that the data in the literature 
have not been examined critically enough. The fact that nearly perfeet 
recoveries were obtained under experimental conditions in which sub- 
stantial losses are known to occur leads us to question the validity either 
of the methods of assay or the extraction and partition procedures, or both. 
In this connection, one may consider the data published by three reliable 
groups of investigators, who checked the Kober colorimetric assay for 
urinary estrogens against the bioassay method. It is well recognized that 
the Kober reaction is affected by non-estrogenic urinary substances, and 
consequently gives overestimates of the actual total estrogen content, The 
error thus introduced may be one of the factors contributing to the vast 
discrepancies disclosed by the data in Table III. For example, two samples 
analyzed by the bioassay method showed 1.100 and 1.150 mg. of estrone, 
respectively, as compared with 0.672 and 4.140 mg. of estrone determined 
colorimetrically. Reference to the ratios for the Kober colorimetric-bio- 
assay in Table III shows that these difficulties are the rule rather than the 
exception, and that they are of a significant order of magnitude. In spite 
of the fact that perennial attempts have been made to establish the accuracy 
of one of these methods by checking it against the other, the results in Table 
III indicate that this cannot be done. 

Because of the doubt which has been expressed concerning the quanti- 
tative accuracy of the bioassay and the Kober colorimetric techniques, and 
because we have demonstrated already that the spectrophotometric method 
can be used for the quantitative assay of crystalline estrogens, it seemed 
advisable to evaluate the efficiency of the currently accepted partition 
methods by this physical means. 

There are in common use today two types of methods for the separation 
of estriol from the estrone-estradiol fraction. This partition is accom- 
plished generally by the equilibration of either an alkaline salt or a hydrox- 
ide with one of several organic solvents. 

Ultraviolet absorption spectrophotometry, as a method of assay in the 
partition of estrogens, could not be applied satisfactorily to the Cohen and 
Marrian technique because of the toluene used in the procedure. Toluene 














Illustrations of I nconstant Relations Between Kober Colorimetric and Bioassay M ethods 
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exhibits a significant optical density between 230 and 290 mu (13), a range 
which includes the absorption peak of the estrogens. The present experi- 
ments were limited, therefore, to a consideration of those methods in which 
estriol was separated from the estrone-estradiol fraction by the use of 
Na,CO; and benzene. Consequently, the investigation centered around 
the Mather principle for the partition of estrogens; namely, the use of 
Na2CO 3 to remove estriol from the benzene solution. This principle is 
incorporated in the methods recommended by Pincus (1) and by Bachman 
and Pettit (14). In view of these considerations, one of the methods 
selected for study was the Pincus modification of the Mather technique (1). 
The other method studied spectrophotometrically was that originally 
recommended by Mather (15). Since neither Mather nor Pincus attempted 
any purification of the so called ‘‘strong” and “‘weak’’ phenolic fractions, 
it seemed feasible to determine whether such a procedure would facilitate 
the application of the spectrophotometric technique to the assay of estro- 
gens. ‘The Bachman and Pettit method (14) was used for the process of 
purification after the Mather partition. It was hoped that these steps 
would prepare extracts relatively free from background material, which is 
anathema to the spectroscopist. 

Experimental Procedure—2.569 mg. of estrone, 2.793 mg. of estradiol, and 
2.532 mg. of estriol were each dissolved in 25 ml. of 95 per cent ethyl alcohol. 
20 ml. of each of these solutions were pooled. ‘Two 25 ml. aliquots of this 
pool were evaporated to dryness with suction. The residues of these 
aliquots were subjected to the methods of partition selected for study 
(Tables IV and V). 

Results—The results of these experiments, which are to be found in Figs. 
3 and 4, are clear cut. The following conclusions concerning the estrone- 
estradiol fraction may be drawn from these data: (1) The experimental 
curves (P and M-BP) in Fig. 3 show that the shapes of the curves are 
characteristic of estrogens, and that the minimal and maximal densities 
occur at 248 and 280 mu. (2) Judging by the relatively high level of the 
minimal densities of Curves P and M-BP at 248 and 296 mu, there is an 
appreciable amount of background material present. Since it is probable 
that the maxima at 280 my have been affected similarly, the data at this 
point cannot be taken at face value. (3) Because of essentially equal 
amounts of background material, a rough comparison can be made between 
Curves P and M-BP at 280 mu. Judging by the differences between the 
minimal densities of the experimental (P and M-BP) and the standard (S) 
curves, it would appear that about three-quarters of the estrone-estradiol 
mixture was recovered after the Pincus modification, and that approxi- 
mately one-half of these estrogens was recovered after the Mather-Bachman 
and Pettit procedure. On the basis of this observation, it occurs to us that 
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whatever one stands to gain by the manifold attempts to remove urinary 
impurities by the Bachman and Pettit procedure may be more than over- 
balanced by the losses sustained in these extensive chemical manipulations, 

A similar study was made of the estriol fraction treated by the two 
methods which have been described. Analysis of the curves in Fig. 4 
discloses a marked discrepancy between the density of the absorption 
peaks of recovered estriol (Curves P and M-BP) and that of the standard 
solution (Curve 8), which represents the quantity of estriol with which each 
experiment was started. It should be noted in connection with Curves 


TABLE IV 
Pincus Modification of Mather Partition 
(1) Residue of 25 ml. aliquot of pooled estrogens 





(2) | Dissolve in 50 ml. benzene; 
extract with 3 X 50 ml. 
0.3 m Na»CO, 


(3) Benzene phase (7) Carbonate phase 
(4) Distil to dryness; perform Girard (8) Acidify with concentrated HCl 
separation on residue to Congo red; extract with 
4 X 50 ml. Et.0 
| 

















j : 
(5) Estrone fraction (6) Estradiol fraction | 











Aqueous (9) Ethereal phase 
phase ‘i 


discarded my 
(10) | Distil to dryness 


(11) Estriol] fraction 





P and M-BP that their configuration is distorted greatly by the background 
material, inasmuch as the characteristic outline of the estrogen curve is no 
longer recognizable. Judging from the amount of background material 
indicated by the readings at 248 and 296 mu, the recovery of estriol is 
practically nil. The latter is not surprising in view of the relatively low 
solubility of estriol in benzene, a point which was not taken into account 
either by Mather or Pincus (15, 1). In confirmation of Bachman and 
Pettit’s (14) observation, we have found that the preliminary solution of 
estriol in alcohol is absolutely essential if estriol is to be taken up by 
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TABLE V 
Mather Partition with Bachman and Pettit Purification of ‘‘Weak’’ and “Strong” Phenolic 
Fractions 
(1) Residue of 25 ml. aliquot of pooled estrogens 


(2) | Dissolve in 100 ml. 0.3 m Na»CO;; 
extract with 2 * 50 ml. benzene 








(3) Carbonate phase 


| 


| 


‘ 
(14) Benzene phase 


——_—_-— 





one = 


(4) Wash with 25 ml. benzene; add wash (15) Wash with 25 ml. NaesCO,;; add wash 
to benzene phase to carbonate phase 


5) Washed carbonate phase 


(16) Washed benzene phase 








{ 
| 

(6) Extract with 3 « 50 vol. % Et.O (17) Extract with 3 X 50 ml. 2~ NaOH 
| 

\queous phase 





eee. SRE 5 


i i 
(7) Ethereal phase (18) Benzene phase (20) Alkaline phase 





discarded EMSS ATR 
(8) Wash with 10 ml. 9% NaHCO; (19) Wash with 2 x | (21) Acidify with 
| 25 ml. H.O; add concentrated 
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| | 


Wash discarded (9) Washed ethereal phase 


wash to aqueous 
phase; discard 
benzene 


HCl; extract 
with 3 & 50 
ml. benzene 











(10) Distil to dryness; dissolve residue 
in 3 X 25 ml. benzene; wash 


: Aqueous phase (22) Benzene phase 
with 10 ml. NaHCoO;; extract q E P 








with 3 X 25 ml. HO — | 
(23) Concentrate to 50 ml.; wash 
with H.SO,(4:5), NazCOs, 
\ and 2 * 25 ml. H.O 
Benzene phase (11) Aqueous phase | 


discarded 





ees | an | | 





12) Evaporate in vacuo 


(13) Estriol fraction 


(24) Benzene phase 


Wash discarded 





(25) Distil to dryness; perform Girard 


separation on the residue 





(26) Estrone fraction (27) Estradiol fraction 
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Fig. 3. Comparison of the ultraviolet absorption curve of a standard estrone- 
estradiol solution (Curve S) with the curves representing the amounts recovered 
from identical aliquots by the Pincus modification of the Mather partition (Curve P) 
and by the Mather-Bachman and Pettit partition (Curve M-BP). 
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Fic. 4. Comparison of the ultraviolet absorption curve of a standard estriol solu- 
tion (Curve 8) with the curves representing the amounts recovered from identical 
aliquots by the Pincus modification of the Mather partition (Curve P) and by the 
Mather-Bachman and Pettit partition (Curve M-BP). 
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benzene quantitatively. These findings also raise a question with regard 
to the efficacy of sodium carbonate for the quantitative separation of estriol 
from estrone and estradiol. 

It is clear from the studies which have been described that one must 
submit to reevaluation the methods currently used for the partition and 
assay of estrone, estradiol, and estriol. The fact that ultraviolet spectro- 
photometry provides a sensitive method for the quantitative determination 
of chemically pure estrogens makes it a feasible means for checking the 
accuracy of the partition methods, if one eliminates or reduces to an accept- 
able minimum the optical density of the background material. 


Studies on Ultraviolet Absorption of Substances Comprising 
Background Material 


Experimental Procedure—In view of the foregoing findings, and on the 
basis of preliminary exploratory experiments, it seems likely that the back- 
ground materia], which interferes with a quantitative interpretation of the 
estrogen absorption curves, consists entirely of substances used in the 


_ extraction and partition procedure; 7.e., reagents and their impurities. 


Consequently, a study was made of the absorption characteristics of these 
reagents and their values for E at 280 mp. The experimental conditions 
under which the reagents were used originally were duplicated carefully. 
Included in these observations were NasHPO, and CCl (ef. below) for 
reasons which will appear later on in this communication. 

It is well known that petrolatum, rubber, and lubricating greases exhibit 
absorption in the ultraviolet range. It was suspected early in these experi- 
ments that stop-cock grease was carried along into the extracts by the 
organic and aqueous alkaline solvents used in the partition and extraction 
of estrogens. An effort was made, therefore, to determine whether or not 
these lubricants interfere with the quantitative determination of the 
estrogens. Aqueous alkaline solutions were passed through stop-cocks 
lubricated with Lubriseal, Trutest, and bentonite-glycerol mixture, respec- 
tively. The alkaline solutions were then acidified and extracted with ether. 
The residues after ether distillation were dissolved in 95 per cent alcohol and 
subjected to ultraviolet spectrophotometry. Benzene and ether were put 
through similarly lubricated stop-cocks, and evaporated to dryness subse- 
quently. The residues were taken up in alcohol and then studied spectro- 
photometrically. The aqueous and organic solvents were used also in 
testing other substances which belong to classes of compounds that do not 
show significant absorption in the ultraviolet, but which do exhibit lubricat- 
ing properties; e.g., powdered agar, granular gelatin, and flaked graphite. 

Results—Of the reagents commonly used in the extraction and partition 
of estrogens the following were found to be relatively free of interfering 
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optical density in the range covered by the ultraviolet absorption curve of 
the estrogens: alcoholic solutions of the residues of U. 8. P. ether, freshly 
distilled from ferrous sulfate, Merck’s redistilled thiophene-free benzene. 
carbon tetrachloride freed from carbon disulfide, U. 8. P. ethyl alcohol, 
disodium acid phosphate, U. S. P. powdered agar, granular gelatin, flaked 
graphite, c.p. sulfuric acid. 

The successful application of ultraviolet spectrophotometry to the assay 
of urinary estrogens necessitated substitutions for other reagents and sub- 
stances exhibiting an optical density of more than 0.1 at 280 my. Agar 
was adopted instead of the commercial stop-cock lubricants ordinarily used, 
and H»SQO, was substituted for HCl. The use of filter paper was omitted 
entirely in view of its contribution to the optical density. Because the 
absorption curve of the carbonate radical was found to interfere with the 
measurement of estrogens at 280 my, carbonates were omitted from the 
procedure for the extraction and partition of estrogens whenever possible. 
It was for this reason that calcium hydroxide was not used. in the removal 
of peroxides from ether, and that No. 10 mesh glass chips washed with 
sulfuric acid, water, and ether were substituted for porcelain boiling chips 
in the distillation of ether from extracts. Moreover, traces of moisture 
were removed from the residues of ether extracts exclusively by suction in 
order to avoid the use of anhydrous sodium sulfate, which may contain 
detectable amounts of carbonate. 

Substitution of Dibasic Sodium Acid Phosphate for Sodium Carbonate in 
Partition of Estriol from Estrone-Estradiol Fraction—The foregoing data, 
considered in conjunction with other findings which suggested that sodium 
carbonate may be inefficient in the separation of estriol from estrone and 
estradiol, posed the possibility of substituting sodium acid phosphate for 
sodium carbonate. 

Samples of crystalline estrone, estradiol, and estriol were dissolved in 95 
per cent ethyl alcohol toa concentration of 100 y of estradiol per ml., 98 y of 
estriol per ml.,and 103.6 y of estrone per ml. Since theimmediate purpose of 
this experiment was to determine the benzene-sodium carbonate distri- 
bution of each estrogen, 5 ml. aliquots of each solution were dried and 
carried independently through the entire partition procedure. The resi- 
dues were dissolved in 1.0 ml. of 95 per cent ethyl alcohol, and 100 ml. of 
thiophene-free benzene were added to each. The benzene solutions were 
extracted three times with 50 ml. volumes of 0.3 m NasCO;. The benzene 
phase, containing the estrone-estradiol fraction, was taken to dryness with 
suction on a warm water bath, and the residue thereof was dissolved in 10 
ml. of 95 per cent ethyl alcohol. The aqueous alkaline phase, containing 
the estriol, was acidified with 6 N H.SO, to Congo red and extracted with 
four 50 ml. volumes of ethyl ether, which was distilled off subsequently. 
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The residue of the ether extract was dissolved in 5 ml. of 95 per cent ethyl 
alcohol. Spectrophotometric curves were prepared of the alcoholic 
solutions of these organic and inorganic phases. 

The foregoing experiment was repeated with 0.075 and 0.2 m NasHPO, 
in place of 0.8 mM Na,COs. 


TaBLe VI 
Distribution of Estrone, Estradiol, and Estriol between Benzene and Alkali 





ses Estrone recovery Estradiol recovery Estriol recovery 
Experiment | 
No. 











|Benzene phase | Alkaline phase} Benzene phase | Alkaline phase; Benzene phase| Alkaline phase 




















0.3 m Na,COs 

per cent | per cent | per cent per cent per cent | per cent 
l 90.8 | | 66.7 31.7 3 oa 
2 92.1 | | 68.6 33.9 | 0 | 105.6 
3 91.4 | 2.4 | 68.5 33.6 | 0.6 | 98.9 
4 94.9 5.1 | 70.2 35.7 | 0 | 101.7 
5 94.7 3.4 | 64.5 ae: i @ | 96.0 
6 9.5 | 3.0 | | 

0.075 mM and 0.2m Na:HPO,t 

y (athe 0 | 100.0 0 | g2 | 90.3 
2 | 98.7 0 | 102.0 0 | 40 | 94.8 
3 100.4 | O / 102.0 0 | 8.6 | 90.8 
4 | |} 61 | 91.9 
5 101.2 0.6 | 102.1 0.8 | 27 | 100.4 








* The range of these values is not an indication of the accuracy of this method of 
assay. At this point in the partition the reagent control shows a relatively low dens- 
ity reading at 280 my, which interferes with the exact quantitative estimation of the 
estrogen content of these samples. This is of no consequence, inasmuch as the estro- 
gen content of the sample is not tested for until the end of the procedure, when the 
density of the reagent control is at an optimum level for exact quantitative work. 
The data in this table are of value, nevertheless, since they disclose large enough 
deviations to merit attention. 

+ The difference in pH between 0.075 m and 0.2 m Na,HPO, is negligible. The 
values lie between pH 8.7 and 8.8. 


Results—The results of the experiments with 0.3 m NazCO; are recorded 
in Table VI. These data indicate that 0.8 m Na2CQ; is not a satisfactory 
substance for the partition of estrogens, previous statements in the litera- 
ture to the contrary. Approximately one-third of the estradiol is carried 
over into the alkaline phase with the estriol. This results in a large error in 
the determination of the estradiol as well as of the estriol. 

Reference to Table VI discloses, on the other hand, that 0.075 and 0.2 m 
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NazHPQ, achieve an acceptable quantitative separation of estriol from the 
estrone-estradiol fraction. Since estradiol is not carried into the aqueous 
alkaline phase, its quantitative recovery is not interfered with. Further- 
more, estradiol no longer masks the extent to which estriol is soluble in the 
alkaline solution. The small fraction of estriol, which remains in the 
benzene phase, does not affect the final recovery values for either estrone or 
estradiol, because it is removed later by the discarded Na,CO; washings 
during the Girard separation. 

It appears, therefore, that the method in common use for the separation 
of estriol from the estrone-estradiol fraction is grossly inaccurate. This 
situation may have been overlooked, because the bioassay method used 
currently for the measurement of these substances is not quantitative as 
compared with the micro precision of ultraviolet spectrophotometry. 

In view of the foregoing, it seemed essential to check up on the accuracy 
of the remainder of the method employed in the separation of the estrogens 
from other urinary materials and from one another. 


Separation of Phenolic Estrogens from So Called Neutral Steroid Fraction 


In general, estrogens have been separated from androgens by one of two 
types of method; viz., simultaneous extraction of the three urinary estrogens 
from an ether or toluene extract of hydrolyzed urine by a given concen- 
tration of KOH or NaOH (1, 16-22), or differential extraction of the 
estrogens by two concentrations of alkali (10, 11, 16, 23). The latter 
method, or its modification, involves the extraction of estriol by 0.1 nN NaOH 
from ether, and the removal from toluene of the estrone-estradiol fraction 
by N NaOH. The latter leaves the neutral steroid fraction in the toluene. 

Since toluene is known to exhibit interfering absorption over that part of 
the ultraviolet spectrum which is occupied by the estrogen curves (13), it 
was inadvisable to use the ether-toluene method for the separation of 
estrogens from androgens. Consequently, we studied the application of 
ultraviolet spectrophotometry to the other type of method, which involved 
the removal of estrogens by NaOH from an ether extract of hydrolyzed 
urine. 

Experimental Procedure—In order to duplicate as closely as possible the 
steps (Table VII) that are involved in the extraction of estrogens from 
urine samples, an aqueous alcoholic solution of estrone, estradiol, and estriol 
was prepared and subjected to hydrolysis for 10 minutes with 30 volumes 
per cent of 6 N H2SO, (equivalent to 15 volumes per cent of concentrated 
HCl). The hydrolysate was cooled rapidly and extracted four times with 
20 volumes per cent of ethyl ether. The ethereal extract was washed with 
three 10 ml. volumes of 9 per cent NaHCO; solution to remove acids, and 
the washings were discarded. The ether phase was then extracted three 
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Tas.e VII 
Procedure for Separation of Estrogens from So Called Neutral Steroid Fraction 


(1) 1494 + pooled estrogens in 15 ml. EtOH added to 250 
ml. H,O and acidified with 75 ml. 6 n H.SO, 





(2) | Hydrolyze 10 min.; cool; 
extract with 4 X 20 vol. % Et.O 








(3) Ethereal phase Aqueous phase 
discarded 





(4 


~~ 


Wash with 3 X 10 ml. 9% NaHCO; 
and 2 X 5 ml. H,O 
































Aqueous (5) Ethereal phase 
phase 
discarded (6) | Extract with 3 X 20 vol. % 2 n NaOH* 
(7) Ethereal phase (12) Alkaline phase 
(8) Wash with 2 X 10 ml. H,0; (13) Acidify with 6 n H.SOQ, to 
add wash to alkaline Congo red; extract 
phase with 4 X 20 vol. % Et.0 
| 
(9) Washed ethereal phase | 
Aqueous (14) Ethereal phase 
(10) Distil to dryness phase 
discarded (15) | Wash with 3 x 
(11) Neutral steroid fraction 5 ml. H,O 











(16) Washed ethereal phase Aqueous 

phase 

(17) Distil to discarded 
dryness 





(18) Estrogen fraction 





* Nineteen experiments were done in all. Three extractions with alkali were used in 
the first two experiments, six extractions with alkali were carried out in the next twelve 
experiments, and four extractions were done in the last five experiments. Concen- 
trations of NaOH or KOH varied from 1.5 nN to 6 N (see Table VIII). 
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times with 20 volumes per cent of 2 or 2.56 Nn NaOH solution. The ether 


phase was washed twice with 10 ml. volumes of distilled water, and the | 


washings were added to the alkaline phase. The ethereal solution was 
distilled to dryness, taken up in 4 ml. of 95 per cent ethyl alcohol, and the 
ultraviolet absorption curve of this solution was determined. The alkaline 


phase was acidified with 6 N H,SO, to Congo red and extracted four times 


with 20 volumes per cent of ethyl ether. This ethereal extract was washed 
three times with 5 ml. volumes of distilled water, and the ether removed by 
distillation. The residue thereof was dissolved in 4 ml. of 95 per cent ethyl] 
alcohol and the ultraviolet absorption curve of this solution was prepared, 

Results—The results recorded in Table VIII indicate that a significant 
proportion of the estrogenic hormones, amounting approximately to 26 per 
cent of the total estrogen content of the initial sample, is left behind in the 
so called neutral steroid fraction by 2 N or 2.5 N NaOH. 

In order to determine which of the three estrogens, or what combination 
of the three, remained in the organic phase, each of them was subjected to 
extraction from ether by a variety of concentrations of NaOH ranging from 
1.5 to6N. 

The results of these studies showed that estriol is extracted from ether 
quantitatively by 1.5 to 2.6 n NaOH. It was apparent, therefore, that the 
26 per cent of estrogen lost in the androgen fraction must have consisted 
either of estrone or estradiol, or both. Because estrone is relatively less 
soluble in alkali than estriol, other experiments were done in which estrone 
was extracted from an ethereal solution by 3 and 6 N NaOH. Estradiol, 
which has an intermediate solubility in alkali, was extracted from an 
ethereal solution by 3 Nn NaOH. 

The results of this investigation showed that 46 per cent of the estrone 
and 46 per cent of the estradiol were left in the androgen fraction by the 
3 N NaOH, and 81 per cent of the estrone was unextracted by the 6 Nn 
NaOH. 

One must conclude, therefore, that estrone and estradiol cannot be re- 
moved quantitatively from an ethereal extract by four to six extractions 
with NaOH solutions ranging in concentration from 2 to6N. Although it 
is possible to effect a quantitative separation under these experimental 
conditions by a considerably greater number of extractions, the latter 
would render the procedure impractical. Confronted with this impasse, 
we sought other means to achieve a quantitative removal of estrone and 
estradiol from an ethereal extract. 

Further Experimental Procedures—The quantitative removal of estrone 
and estradiol from an ethereal extract was accomplished through a reduction 
in the solubility of these estrogens in the organic phase by the addition to 
the ether of carbon tetrachloride, in which estrogens are considerably less 
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soluble (24). Thus the distribution of estrogens between the organic and 
inorganic phases was altered in favor of the latter. 

By trial and error it was determined that a 1:18 ratio of ether to carbon 
tetrachloride results in a quantitative removal of estriol, estrone, and 
estradiol by Nn KOH. KOH was substituted for NaOH because KOH 
exhibits a slightly greater alkalinity for the same normality. This is de. 


























TaBLeE VIII 
Separation of Estrogen Fraction from So Called Neutral Steroid Fraction 
| | | | Estro- 

Experi- | E : : | No, of | . => —. 
ment | Estrogen | Organic solvent Alkali | extrac- | Alkali neutral | ¢stro- 
at | steroid iaten 

| | fraction 
| | | jo per cent | per cent 
1 Pool* Et,0 NaOH,2 wN 3 | @ |g 

2 | ‘“ éé ‘cc 2 ‘6 3 20 26 67T 
3 | « | « } «© gee 6 | 15 |27 | 76t 
4 | Estriol sy e 1.5 “ 6 15 0 94f 
5 “ ‘“ ‘é 2.5 a 15 0 99t 
6 | Estrone ns es oa .*4 6 15 | 46 5lf 
7 “ “ _, * 6 | 15 | 81 16t 
8 | Estradiol | “ pee ee Ae 
9 | Estrone EtO-COh, hE 1 *- “Se” 1 Or ee eee 65t 

- fo “ $f} otis ee 6 | 15 | 28 

11 a sh 1:1 | KOH, 2 “ | 6 | 185 | 22 

12 «“ “ oe oe ee 

13 f ny i a st 0.5 “ 6 15 | 28 

14 ‘ 1:9 sy i gi 6 15 0 

> |. * 1:9 eee Tg 15 | 3.8] 96f 

16 | Estradiol ce 1:9 o os 4 15 | 0 96t 

17 _| Estriol “ 1:9 le lin 1 | 15 | 0 | 9lt 

18 | Pool* 1:18} “ 4 « 4 | 50 | 0.8) 

19-25} « 1:18 niles FR 4 50 | 0 


* Estrone, estradiol, and estriol in approximately equal amounts. 
+ Aliquot of ether extract of acidified alkaline phase. 
t Total estrogen fraction. 


sirable, inasmuch as the salt content of the final residues should be kept as 
low as possible in spectrophotometric work. 

It remained to find out whether or not the androgens are carried over into 
the estrogen fraction, and vice versa, under the foregoing experimental 
conditions. Accordingly, three groups of experiments were set up in which 
single specimens of androgens, pools of androgens, and pools of androgens 
plus estrogens were submitted to the separation procedure. 
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In Experiment 1, an alcoholic solution containing 4.98 mg. of androsterone 
was dried by suction in a separatory funnel. The residue thereof was dis- 
solved in ether and carbon tetrachloride, and extracted four times with n 
KOH. The latter pooled aqueous extract was washed two times with 
carbon tetrachloride. This wash was treated as the original organic phase 
and kept separate from it. (Subsequent trials have shown that such a 
wash does not carry estrogens along with it.) The aqueous fraction, ordi- 
narily containing the estrogens, was then acidified and extracted with ether. 
The ethereal extract was washed with sodium bicarbonate solution and with 
water and distilled to dryness by steam. The final residue was dissolved in 
alcohol, and the solution examined spectrophotometrically. The organic 
fraction containing the androgens was washed with water (the wash being 
added to the original aqueous phase) and dried by suction. The residue 
was dissolved in alcohol in preparation for spectrophotometry. A 5.15 mg. 
sample of isoandrosterone was treated in an identical manner. 

In Experiment 2, a pooled sample of 19.92 mg. of androsterone and 2.2 
mg. of dehydroisoandrosterone was subjected to the procedure outlined for 
Experiment 1. An identical sample was treated likewise, except that it was 
hydrolyzed for 30 minutes instead of 10 minutes. 

In Experiment 3, tivo identical aliquots of a pooled sample of estrogens 
and androgens were subjected to the procedure employed in Experiment 1, 
except for the wash of the aqueous phase which was omitted. Each ml. of 
this pool contained 10.04 mg. of androsterone, 1.32 mg. of dehydroiso- 
androsterone, 29.4 y of estrone, 30.0 y of estradiol, and 29.7 y of estriol. 

Results—The results in Table IX indicate that the foregoing procedure 
separates androgens from estrogens quantitatively. 


Separation of Urinary Estrogens from Other Urinary Phenolic 
Subslances by Steam Distillation 


The foregoing studies with crystalline estrogens have had as their cven- 
tual goal the application of the spectrophotometric method to the assay of 
the estrogens in urine. In this connection, one should recall that the ultra- 
violet absorption curves characteristic of the estrogens are simulated by 
phenolic substances, including the urinary phenols, in that they show pro- 
nounced absorption over the same range of the spectrum with maximal 
density in or about the region of 280 my (3, 4, 20). It follows, therefore, 
that the estrogens must be separated quantitatively from the other urinary 
phenolic substances before they can be determined quantitatively by the 
ultraviolet spectrophotometric method. 

” In accordance with equations formulated by Naumann (25) and by 
Virtanen and Pulkki (25), it can be predicted that steam distillation can be 
used to effect this separation. 
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Because of the relative insolubility in water and the low vapor pressure of 
the estrogenic phenols, they are practically non-steam-volatile. This may 
be contrasted with the ready solubility and relatively higher vapor pressure 
of the other urinary non-estrogenic phenols, such as phenol and p-cresol, 
which consequently are steam-volatile. In accord with these theoretical 
considerations, Dobriner, Lavin, and Rhoads (20) found that estriol cannot 
be detected spectroscopically in the steam-volatile fraction after steam distil- 


TasBLe IX 
Separation of Crystalline Androgens from Crystalline Estrogens 




















Steroids recovered 
Experiment No. Hydrolysis fence T dokeue 
fraction fraction 
per cent per cent 
1, Androsterone, 4.98 mg. None 0 | 
Isoandrosterone, 5.15 mg. “ 0 i ig 
2. Each ml. of pooled sample contained 
androsterone 0.905 mg., dehydroisoandros- 
terone 0.100 mg. | 
Aliquot 1 10 min. | 0 106* 
+ og 0 “ 0 | 113° 
3. Each ml. of pooled sample contained | 
androsterone 10.04 mg., dehydroisoandros- 
terone 1.32 mg., estrone 29.4 y, estradiol | | 
30.0 y, estriol 29.7 
Aliquot 1 None | 107* 109* 
ws = ” | 104* 112* 





* These spectrophotometric curves disclose small traces of a residue of carbon 
tetrachloride, which is difficult to get rid of at this point, but which is apparently re- 
moved later onin the procedure. This may account for the experimental error repre- 
sented by the difference between 100 per cent and these values. The latter cannot 
be attributed to the inefficient separation of estrogens and androgens, inasmuch as 
there is no indication of the presence of a steroid in the contour of the curve repre- 
senting the difference between the reagent control and the recovered androgens or 
estrogens. 


lation, whereas the absorption bands of phenols, such as phenol and the 
cresols, are absent from the non-sleam-volalile fraction after steam distil- 
lation. They did not attempt a quantitative recovery of the estriol, which 
may be a necessary step, inasmuch as the steam distillation took place in an 
acid medium in which destruction of estrogens might have occurred. 

The present report deals with two aspects of this problem: (1) to deter- 
mine the effect of steam distillation on the quantitative recovery of 
crystalline estrone, estradiol, and estriol; (2) to ascertain whether or not 
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the steam-volatile phenols of hydrolyzed male urine can be separated 
completely from the non-steam-volatile fraction by steam distillation. 

Experiment 1—Approximately equal amounts of chemically pure crys- 
talline estrone, estradiol, and estriol were dissolved in 95 per cent ethy] 
alcohol to make a solution containing 99.6 y of pooled estrogens per ml. 15 
ml. of this solution were placed in a small boiling flask and dried by suction. 
The residue was dissolved in 0.5 ml. of 95 per cent ethyl alcohol, diluted 
with 5 ml. of distilled water, and steam-distilled in an all-glass still to 500 
ml. of distillate. The steam distillation having been completed, the aque- 
ous solution remaining in the flask was dried by suction, and the residues 
dissolved in 15 ml. of 95 per cent ethyl aleohol. An absorption curve was 
determined on this solution. 

Resulis—Steam distillation permitted the quantitative recovery of the 
three estrogens with which the experiment was started. Comparison of the 
absorption characteristics of the pooled sample, which had been subjected 
to steam distillation, with that of an identical untreated aliquot disclosed a 
difference of only 0.6 per cent when measured at 280 mu. 

Experiment 2—1 liter of male urine was hydrolyzed with 15 volumes per 
cent of concentrated hydrochloric acid for 10 minutes and extracted with 20 
volumes per cent of ethyl ether (24). The ether extract was washed with 9 
per cent sodium bicarbonate solution, and the androgenic fraction separated 
from the estrogenic fraction by N KOH. The alkaline estrogenic fraction 
was acidified and extracted with ethyl ether. The ether was distilled off, 
and the residue dissolved in 50 ml. of 95 per cent ethyl aleohol. The equal 
aliquots of this solution were diluted 10-fold in order to reduce the optical 
density of the latter to a readable level. This dilution factor served also to 
eliminate from spectrophotometric consideration an already relatively low 
content of estrogen, so that this extract contained essentially only non- 
estrogenic urinary phenols. One aliquot was steam-distilled by the method 
described for Experiment 1. Both aliquots were tested spectrophoto- 
metrically. 

Results—In accordance with the observations of other investigators (3 
4, 20), we have found that urinary phenols, other than the estrogens, are 
characterized by ultraviolet absorption curves, which resemble closely those 
of estrone, estriol, and estradiol. Curve A, Fig. 5, represents the ultraviolet 
absorption of the total phenolic fraction of a 1000 ml. sample of male urine. 
The shape of this curve, and the fact that it exhibits minimal density at 
250 mu and maximal density at 280 my, endow it with the general and 
specific absorption characteristics of the urinary phenols, which include 
the estrogens. Curve B represents the absorption of this urinary extract 
after steam distillation. It is clear from the shape of Curve B that the 
substances which produced the typical phenolic absorption are steam-vola- 
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tile. This was verified by calculating the difference between Curves A and 
B, the results of which are plotted in Curve C. Curve C is typically phe- 
nolic. Although Curve B, which represents the non-steam-volatile fraction, 
does not disclose the presence of phenolic substances, this does not con- 
stitute proof of their absence, since the ratio of the density of the urinary 
background material to that of the estrogen content determines whether 
the typical estrogen absorption curve is detectable. It should be noted 
that the foregoing experiment was not meant to be quantitative. It 
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226 234 242 250 258 266 27% 282 290 298 
WAVE LENGTH JN MyL 
Fic. 5. Steam distillation of extract of male urine. Curve A, total phenolic frac- 


tion; Curve B, non-steam-volatile fraction; Curve C, steam-volatile fraction (Curve 
A minus Curve B). 





was devised only for the purpose of demonstrating what type of absorp- 
tion curve is characteristic of the steam-volatile urinary phenols. 


Micro-Girard Separation of Estrone from Estradiol 


Having developed a satisfactory quantitative method for the separation 
of estrogens from androgens, and estriol from the estrone-estradiol fraction, 
it remained for us to check the accuracy of the micro-Girard method, which 
has to do with the separation of estrone from estradiol. . Sulfuric acid was 
not substituted for hydrochloric acid, as recommended in other parts of 
the extraction and partition procedure, because its use in the Girard reaction 
isdisadvantageous. During this reaction sulfuric acid causes the formation 
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TABLE X 
Extraction and Separation of Estrogens from Androgens 


Estrogen sample Control 
(1a) 15 ml. 95% EtOH solution of pooled 15 ml. 95% EtOH + 250 ml. (1b) 
crystallized estrogens + 250 ml. distilled H.0 + 80 ml. 6N 
distilled H.O + 80 ml. 6 n H.SQO,; H.SO,; hydrolyze 10 min. at 
hydrolyze 10 min. at 100°; cool 100°; cool rapidly 
rapidly 

















(2)*t | Extract with 4 & 20 vol. % Et,O (SF1f) 





Aqueous phase discarded (3) Ether extract of hydrolysate 
] 








(4) Wash with 3 X 10 ml. 9% NaHCO, 
| 
Discard washings (5) Ether extract 


a 


(6 


— 


Reduce to 3 ml. by 
steam jacket; add 
54 ml. CCl, 


(7) Ether-CCl, 1:18 
(8) | Extract with 4 X 50 vol. 
% 1 N aqueous KOH 








} 


| 


So called Evaporate Ether-CCl, Wash with 2 X 4 Organic Aqueous K¢ H 
neutral to dryness extract ml. H,0; add wash phase phase of estro 
. 4) <———_—_——— —_—_ -- ; 
steroid onwarmH,O (1:18) to KOH phase (ether- genic phenols 
fraction bath with a oat CCl,) 





suction; take 
up residue in 5 
ml. 95% EtOH 


(e) (d) (c) (b) (a) (9) 


* Quantitative check by ultraviolet curve on aliquot of ether extract. 

t Quantitative check by ultraviolet curve of fifth ether extract (for completeness 
of extraction). 

tSF1 represents extraction in a 500 ml. separatory funnel. 
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of more interfering background material than is encountered with the use of 
hydrochloric acid. 


} TaBLe XI 
Separation of Non-Steam-Volatile Estrogenic Phenols from Steam-Volatile Substances 
9) Aqueous KOH extract of estrogenic phenols 
y 





10)* ¢ | Acidify with 6 n H,SO, to Congo red; extract with 
| 4 50 vol. % Et.0 (SF1t) 


) 
| 





! 
} 


| 
11) Ether phase Discard aqueous phase 


| 
12) | Wash with 1 * 5 ml. distilled H.O 
| 
0, | 
Wash discarded 13) Total phenols in Et.O 








14 


— 


Distilled to dryness by steam jacket; taken 
up in5 ml. 95% EtOH; add 20 ml. distilled 
) H.0 
15) Total phenols in aqueous EtOH 





(16) | Steam distil to 500 ml. of distillate, maintain- 
ing volume in funnel at 20 ml.; dry by suc- 
tion with aid of warm bath 




















17) Residue of non-steam-volatile phenolic estrogens | 
estrone, estradiol, estriol | 
cite | 
: | . 
(18) Steam-volatile substances 
ro 
Is | 
19) | Dissolve residue in 1 ml. 95% EtOH; add 100 ml. benzene 
} 
20) Benzene solution of estrogens (SF1f) 
* Quantitative check by ultraviolet curve on aliquot of ether extract. 
t Quantitative check by ultraviolet curve of fifth ether extract (for completeness of 
extraction). 
“es t{SF1 represents extraction in a 500 ml. separatory funnel. 


Experimental Procedure—Exploratory experiments to determine the 
accuracy of the Pincus-Pearlman modification (26) of the micro-Girard 
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method were carried out on three samples of estrogens. A pooled sample 92 
of 500 y each of estrone, estradiol, and estriol and a single sample of 500 y of recov 
estradiol were subjected to separation at the point of the benzene-phosphate 
partition; the benzene fraction was carried through the micro-Girard pro- 
TABLE XII | 
Separation of Estriol from Estrone-Estradiol Fraction 
(20) Benzene solution of estrogens (SF1*) ) 
(21) | Extract with 3 X 50 ml. 0.075 m Na-HPO, 
pi. 
| | (85) E 
(22) Aqueous phase, “strong” phenol (29) Benzene phase, ‘‘weak’’ phenols F 
(estriol) (SF2*) (estrone, estradiol) ) (3 
Soe 
(23)t | Acidify with 6 n H-SO, to (30) | Reduce volume in SF1 to 25 ml, 
Congo red; extract with by suction with aid of warm | (37) V 
4 X 75 ml. Et:0 H,O bath; transfer directly to % 
250 ml. funnel (SF3) and dry (3 
benzene; rinse SF'1 into SF3 by 
, 5 ml. 95% EtOH; dry 
(24) Ether extract Discard aqueous phase Sones OD | 
EtOH 
(31) Estrogen residue (SF3t) (39) E 
(25) | Wash with 2 X 5 ml. distilled H,O es | 
(32) | SF3 with residue over P.O; in (4 
vacuum desiccator overnight 
(26) Washed ether extract (SF2) Discard 








washings (33) Dry residue of estrone-estradiol (41) A 


f t fraction for micro-Girard (SF3) } is 
(27) Distil off Et20; dissolve residue 7 


in 5 ml. 95% EtOH - 9 





(28) Estriol fraction; read ultraviolet curve 





*SF1 and SF2 represent two 500 ml. separatory funnels. 
t Quantitative check by ultraviolet curve of fifth ether extract (for completeness of } 


extraction). *S 
¢ SF3 represents extraction in a 250 ml. separatory funnel. TG 
extrac 


cedure subsequently. A third pooled sample containing 500 y each of 

estrone and estradiol was subjected to the micro-Girard procedure only. Phas 

The concentration of estrogen in each instance was about 100 y per ml. recor 
Results—The results of these experiments were as follows: 97 











ols 


ml, 
m 
‘to 


by 


3 of 


. of 
ily. 
i 








FRIEDGOOD, GARST, AND HAAGEN-SMIT 





549 


92 per cent of the estriol from the pooled sample of three estrogens was 


recovered from the phosphate phase. 


Of the estrogens in the benzene 


TaBLe XIII 
Modified Micro-Girard Separation of Estrone from Estradiol 


(33) Dry residue of estrone-estradiol fraction (SF3*) 





(34) 


Add 2 ml. glacial acetic acid, then 400 mg. Girard’s 


Reagent T. Stopper funnel with adapter fitted with CaCl. 


cool in desiceator; add 60 ml. ice-cold distilled HO, then 14 
ml. chilled 10% NaOH; mix; extract with 4 X 50 ml. Et,Ot 


| 
tube; heat on H,O or glycerol bath at 90-100° for 20 min.; 





[ 
(35) Ether phase, estradiol fraction (SF3) 








Wash with 1 X 20 ml. ice- 
cold distilled H,O; add 
wash to aqueous phase 


(36) 


(37) Washed ether extract 





(38) | Wash with 1 X 20 ml. 2.5% 


Na2CO; and 3 X 10 ml. H.O 
| 


Aqueous phase 
discarded 








(39) Ether extract 
(SF3) 

(40) | Distil to dryness; dissolve 
residue in 5 ml. 95% EtOH 


(41) Alcoholic solution of estradiol 





(Read ultraviolet curve) 


4 





(42) Aqueous alkaline phase, 
estrone fraction 





(43) | Acidify with 12 ml. con- 
centrated HCl; keep at 
room temperature for 2 
hrs.; extract with 3 X 


50 ml. Et,O in SF4*f 








| 


Aqueous phase 
discarded 


(44) Ether extract 





(45) Wash with 1 X 20 ml. 2.5% 
Na.CO; and 3 X 10 ml. 
distilled H,O | 

te 

Aqueous phase 

discarded 





(46) Ether extract 
(SF4) 


(47) | Distil to dryness; dissolve 
residue in 5 ml. 95% EtOH 


(48) Alcoholic solution of estrone 





(Read ultraviolet curve) 


*SF3 and SF4 represent extraction in a 250 ml. separatory funnel. 
t Quantitative check by ultraviolet curve of fifth ether extract (for completeness of 


extraction). 


phase, 100.4 per cent of the estrone and 103 per cent of the estradiol were 


recovered after the Girard separation. 


97 per cent of the estradiol and 102 per cent of the estrone were recovered 
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from the pool of these two estrogens after they had been subjected to the 
Girard procedure only. 


TABLE XIV 


Recovery of Crystalline Estrogens from Aqueous Alcoholic Solution by Proposed } 
New Procedure 





—ae _ . | 


| P 
Remainder 


Experiment No. , Amount added | after removal | Amount recovered 
of aliquots 





Y y Y per cent 
Estrone 1 504 325 312 96.0 
2 539 464 381 $2.0* 
| 3 539 477 444 93.0 | 
| 4 539 477 441 92.0 
5 535 490 91.5 
| 6 | 535 498 93.0 | 
| 7 535 535 99.9 ) 
8 535 506 94.6 | 
} 
Estradiol 1 500 323 296 91.6 
2 513 44] 358 81.0* 
3 513 154 436 96.0 
4 | 513 466 392 84.0* 
5 | 495 470 95.0 j 
6 | 495 479 96.7 
7 | 495 495 100.0 
8 | 495 490 99.0 
Estriolt i | 640 491 91.0 
2 540 502 93.0 
3 | 540 509 98.0 
4 540 506 93.7 
5 | 540 517 95.8 ) 


* Although not a part of the methodology, it was deemed essential to check at ) 
strategic points the accuracy of the extraction and partition procedure by removing 
and assaying quantitatively aliquot portions of the estrogen pool. The sum total | 
of the estrogens removed during these periodic checks was subtracted from the 
amount originally added, and the remainder was used as a basis for comparison, 
This added experimental maneuver probably accounts for the occasional low re- \ 
covery values for estrone and estradiol. 

+ Prior to these experiments, six determinations were done in which the recovery 
of estriol varied from 82.9 to 89 per cent. Since higher recovery values were obtained 
consistently by increasing the number of extractions in the benzene-phosphate par- 
tition from two to three, and lower values were found consistently when the number 
of extractions was limited to two, it is assumed that the low values were due to in- 
complete extraction of estriol] from the estrone-estradiol fraction. 


Of the estradiol that was carried through the benzene-phosphate par- 
tition, none was found in the phosphate phase, in which only estriol is 
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extracted under these conditions. After the Girard treatment, 93 per cent 
of the estradiol was found in the non-ketonic fraction, in which it is to be 
expected, and 5 per cent was lost in the ketonic fraction where it would have 
interfered with the determination of the estrone ordinarily. This sepa- 
ration was carried out with three 50 ml. volumes of ether. Further investi- 
gation disclosed that a fourth ether extraction obviated this 5 per cent loss 
of estradiol. Several attempts to detect estradiol in a fifth ether extraction 
failed to disclose its presence, even with the sensitive spectrophotometric 
technique. 

In accordance with our general policy of reducing the number of transfers 
of material from one piece of apparatus to another, all of the steps up to the 
actual separation of estrone from estradiol were conducted in a single 250 
ml. separatory funnel, which was fitted with a straight adapter closed with 
a CaCl, tube. The funnel was heated in a horizontal position on a water 
bath at 90-100° for 20 minutes, during which time it was rotated through 
180° every 5 minutes. The neck of the funnel was protected against con- 
densation of steam by a cardboard guard. A glycerol bath was found to be 
more satisfactory than the water bath. Because of the size of the funnel, 
it was necessary to increase the volume of glacial acetic acid from 0.5 to 2 


ml., with proportionate increases in the amounts of the other reagents in the 
Girard procedure. 


Essentially New Method for Extraction and Partition of Crystalline Estrone, 
Estradiol, and Estriol, and Their Quantilative Assay by 
Ultraviolet Spectrophotometry 


A quantitative ultraviolet spectrophotometric method for the assay of 
estrogens was developed on the basis of the data which have been recounted 
in detail throughout this communication. The new features of this method 
included the following: (a) separation of the androgens from the estrogens 
by equilibration between ether-carbon tetrachloride (1:18) and n KOH; 
(b) partition of the estrogens into strongly and weakly phenolic fractions by 
the use of benzene and dibasic sodium acid phosphate; (c) the use of 
specially designed apparatus which makes it possible to reduce to a mini- 
mum the number of transfers of extracts and residues;! (d) application of 


' We are indebted to Dr. W. Dean Fraser for the design of a special adapter which 
was used to connect an all-glass steam distillation apparatus with a 500 ml. separatory 
funnel, thus obviating the necessity of transferring the residue to a boiling flask. 
Furthermore, a steam jacket, designed to be used on a 5CO0 ml. separatory funnel, 
enabled us to reduce the volume of ether extracts directly from the funnel in which 
the extraction was made. Particular attention should be directed to the fact that 
the extraction and partition procedure for each estrogen was performed in a limited 
amount of glassware, which consisted of one boiling flask in which the initial hydroly- 


sis was done, two 500 ml. separatory funnels, one 250 ml. separatory funnel, and four 
Erlenmeyer flasks. 
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the sensitive ultraviolet spectrophotometric method of assay for the quanti- 
tative determination of crystalline estrone, estradiol, and estriol; (e) adop- 
tion of agar as the lubricant for stop-cocks of the separatory funnels 
because it does not act as an interfering substance from a spectro. 
photometric view-point. 

Integrated Experimental Evidence Bearing on Accuracy of New Method- 
Each of eight pooled samples of an aqueous alcoholic solution of crystalline 
estrone, estradiol, and estriol and three single samples of estriol were sub- 
jected to the entire procedure outlined in the flow sheets of Tables X to 
XIII. The pooled samples contained approximately 500 y of each estrogen. 
The exact amounts may be ascertained by reference to the detailed data 
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Fic.6. Recovery of crystalline estradiol from pool of estrone, estradiol, and estriol. 
Curves A, and A», estradiol fractions from duplicate pooled samples; Curve C, reagent 
control subjected to the identical procedure. 


(Table XIV). Reagent controls were set up for each of these experiments 
in order to correct for the background material. The density value of the 
curve of the reagent control was subtracted from that of the corresponding 
estrogen curve at 280 my. 

Results—Analysis of the ultraviolet absorption curves of the final resi- 





SS ee 
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~—— 


dues of each of the estrogens indicates that the results of these experiments | 


2 The agar was used in the form of a thin, soft jelly made by adding 75 ml. of dis- 
tilled water to 3 gm. of powdered agar. The mixture is heated in an oven at 110° for 
30 minutes and then allowed to stand covered at room temperature for several hours. 
This substance remains soft and ready for use if it is packed into collapsible tubes. 
Agar has the additional advantage of being easily removed from stop-cocks with 
warm water. If it dries on the stop-cock when the funnel is in use, it may be softened 
by introducing a drop or two of water to the surface by capillary action at each end 
of the stop-cock. 
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are reproducible. Reference to Fig. 6 discloses the quantitative accuracy 
with which estradiol may be recovered from equal aliquots of a pooled 
sample of estrone, estriol, and estradiol. Identical experiments aimed at 
the ‘quantitative recovery of estrone and estriol, respectively, yielded 
equally satisfactory results. The same high degree of accuracy, 1.e. repro- 
ducibility, was achieved in experiments designed to study the optical 
density of the reagent controls for each of these estrogens. Fig. 7 illustrates 
this point for estradiol. Although the absorption curves of the reagent 
controls are of the same order of magnitude, it is advisable to run a reagent 
control on each determination. 

The recovery of estrogens subjected to the foregoing procedure is quanti- 
tative, and the results are consistent. Estrone and estradiol were each 
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Fic. 7. Reagent controls subjected to the procedure for extraction and partition 
of estradiol (see Tables X to XIII); four different experiments. 


recovered to the extent of 92 to 100 per cent, and estriol to the extent of 91 
to 98 per cent. 


SUMMARY 


1. Critical analysis of the literature on data obtained by methods in 
current use for the partition and assay of urinary estrogens discloses that 
the quantitative accuracy claimed for them is not in accord with the results 
on which this contention is based. 

2. Restudy of the crucial steps contributing to the inaccuracies of 
presently accepted methods led to the adoption of the following new fea- 
tures: (a) separation of the androgens from the estrogens by equilibration 
between ether-carbon tetrachloride (1:18) and n KOH; (b) partition of the 
estrogens into strongly and weakly phenolic fractions by the use of benzene 
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and dibasic sodium acid phosphate (0.3 m Na2CO; is not an efficient solvent 
for this separation, because one-third of the estradiol is carried over into the 
estriol fraction); (c) the use of specially designed apparatus which makes it 
possible to reduce to a minimum the number of transfers of extracts and 
residues; (d) application of the sensitive ultraviolet spectrophotometric 
method of assay for the quantitative determination of crystalline estrone, 
estriol, and estradiol. 

3. When subjected to the new procedure, crystalline estrogens were 
recovered quantitatively and the results were consistent. 
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PLASMA INORGANIC IODIDE AS A HOMEOSTATIC 
REGULATOR OF THYROID FUNCTION* 
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The enzymatic conversion of iodide to thyroxine and diiodotyrosine is 
one of the mechanisms enabling the thyroid gland to concentrate iodine. 
It will be shown in the present study that this mechanism is controlled by 
the level of plasma inorganic iodine.! Organic binding of iodine within 
the gland can be almost completely blocked by raising the level of plasma 
inorganic iodine above a certain critical level, which for the rat amounts 
to about 20 to 35 y per cent. The inhibition, however, is not permanent, 
for as soon as the level of plasma inorganic iodine falls below this critical 
range, the gland again resumes its function of organic binding of iodine. 
These results, therefore, suggest that plasma inorganic iodine acts as a 
homeostatic regulator in the formation of the thyroid hormone. This 
regulator probably serves to prevent the formation of excessive amounts of 
hormone by the gland when the body is suddenly flooded with iodine. 


EXPERIMENTAL 


Long-Evans rats weighing 175 to 225 gm. were used throughout. They 
were injected intraperitoneally with various amounts of iodine in the 
form of KI labeled with I. In no case was the dose of radioactivity great 
enough to produce deleterious effects on the gland during the intervals 
studied.2 Blood was removed from the heart while the rats were anes- 
thetized with sodium pentobarbital (20 mg. per rat). Equal amounts of 
plasma from each of five or six animals were pooled, and 2 cc. of plasma 
were used for duplicate chemical determinations of total plasma iodine (2). 

The thyroid glands of the rats used in this investigation weighed 10.8 + 
1.98 mg. per 100 gm. of body weight. Each gland contained approximately 
5 to 10 y of iodine. 

The thyroid gland of each rat, after it had been rapidly excised and 
weighed, was ground with 1 ce. of cold 10 per cent trichloroacetic acid in 


* Aided by grants from the United States Public Health Service and the Committee 
of Endocrinology of the National Research Council. 

+ Rosenberg Fellow of the University of California. 

1A preliminary report of some of the data presented here has appeared (1). 

2 Feller, D. D., Taurog, A., and Jones, H. B., unpublished observations. 

*Standard deviation = V (zs (xg — £)*)/n 
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an all glass homogenizer. The precipitate obtained by centrifugation was 
then washed twice with 2.5 cc. of 5 per cent trichloroacetic acid. The 
supernatants were combined for determination of radioactivity; this frac- 
tion contains only the inorganic iodine of the gland. The precipitate 
was dissolved in a minimal amount of 2 Nn NaOH on a steam bath, and a 
suitable aliquot was analyzed for radioactivity; this trichloroacetic acid- 
insoluble fraction of the gland contains only organically bound iodine. 

The absolute amount of the injected iodine recovered in a given fraction 
of the thyroid gland, either total or organically bound, was obtained by 
multiplying the numerical proportion of the injected radioactivity re- 
covered in that fraction by the micrograms of I’? injected into the rat. 
Thus, a recovery of 5 per cent of the administered I in a fraction pre- 
pared from the thyroid of a rat that had been injected with 50 y of I?” 
would mean that 0.05 X 50 or 2.5 y of the injected I'*’ had accompanied it. 
By the use of this labeling procedure, the separation of the amount of 
injected I?’ that entered a gland from that present before the injection 
becomes quite simple. It circumvents the difficulty in making such a 
separation in glands with variable iodine contents. 

In order to test the separation of the gland’s iodine into organic and in- 
organic fractions by the procedure described above, several thyroids were 
excised from rats and thoroughly ground with 1 ec. of 10 per cent trichloro- 
acetic acid containing 10 y of I?’ as KI labeled with I". The precipitate 
was washed as described above. Judging from the amount of radio- 
activity found in the trichloroacetic acid-insoluble fraction, only 0.05 per 
cent of the added iodide was recovered in what is termed here the organic 
fraction. 


Results 


Five levels of iodine administration were studied, namely 10, 50, 100, 
200, and 500 y, and the results obtained in these five experiments are 
recorded in Figs. 1 to 5. With the exception of the 10 y dose, the amounts 
injected greatly exceeded the iodine contents of the thyroids of the rats 
used here. In each experiment twenty-five to thirty rats were used, all of 
which were injected with the same amount of labeled I'?’. Each thyroid 
value shown in the figures represents the average of five or six closely 
agreeing measurements obtained from as many rats. 

Administration of 10 y of I’—Both total and organic iodine of the 
thyroids rose rapidly after the injection (Fig. 1). In 2.5 hours, 2 y of the 
injected iodine had entered the gland, and at this early interval 95 per cent 
of it was already in the organic form. The maximum amount of iodine 
(approximately 6 7) was found at the 5 hour interval; this represents about 
60 per cent of the administered iodine. 
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Not only at the very earliest interval but at all subsequent intervals up 
to 50 hours after the injection practically the entire amount of the injected 
iodine acquired by the gland was organically bound. 

At the intervals examined, the total plasma iodine in the rats did not 
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Fic. 1. Changes in plasma and thyroid iodine with time, following the injection of 
10 y of iodide in rats. 
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Fig. 2. Changes in plasma and thyroid iodine with time, following the injection of 
50 y of iodide in rats. 


attain values in excess of 5 y per cent. It should be recalled that approx- 
imately 3 y per cent of this total iodine is protein-bound, whereas the 
remainder is inorganic iodide (2). 

Administration of 50 y of I'?’—The results shown in Fig. 2 were un- 
expected, for less of the injected iodine was found in the thyroids of rats 
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that received 50 y of I? than in those of rats injected with 10 y. Even 
more surprising was the finding that during the first 5 hours (F.g. 2) most 
of the accumulated iodine was not organically bound. Not until after 5 
hours did the gland begin to convert significant amounts of the injected 
iodide into organic forms. Thus at 12, 25, and 59 hours after the injection, 
3.4, 3.9, and 3.7 y of the injected I'*7 were found in the gland, and 95 per 
cent of these amounts was in the organic form. 

During the time when no organic iodine was being formed, the values 
for plasma iodine exceeded 25 y per cent. 

Administration of 100 y of I*'—Two separate effects produced by the 
injection of 109 y of iodine are brought out in Fig. 3: (1) inhibition of 
organic binding of the injected iodine by the thyroid gland during the early 
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Fic. 3. Changes in plasma and thyroid iodine with time, fo!lowing the injection of 
100 y of iodide in rats. 


hours, and (2) early concentration of the injected iodine in the gland in 
non-organic form. 

Here, as in the preceding experiment, significant amounts of organic 
iodine were not synthesized in the gland for the first 8 to 9 hours, during 
which time the level of plasma iodine exceeded 25 y per cent. 

'. Table I shows quite definitely that the normal gland possesses a mech- 
anism for concentrating iodine that is not dependent upon its organic 
conversion. During the first 6 hours the concentration of iodine in the 


gland appeared to parallel roughly that in plasma (Fig. 3). A concentra- 
tion ratio of approximately 100 to 390 seems to have been maintained during 
this time between gland and plasma inorganic iodine. 

After 12 hours, when the levels of plasma iodine had receded, a gradual 
accumulation of the injected iodine occurred in the gland, but this time 
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94 per cent of the injected iodine present in the gland was organically 
bound. 

Administration of 2C0 y of I*’—The more str‘king effects observed in 
this experiment were to be expected in view of the high plasma iodine levels 
attained in the rats. ‘The failure of the gland to convert any of the injected 
iodine to organic forms during the first 12 to 13 hours is clearly brought out 
in Fig. 4. Although in 2.5 hours 3.4 y of the injected iodine were present in 
the gland, practically all of it was inorganic iodide. The early accumula- 
tion of the injected iodine in the thyroid and its loss reflect the changing 


TABLE I 


Iodine-Concentrating Capacity of Thyroid Gland While Organic Binding of Iodine 
Is Inhibited 




















Dose injected Interval Plasma iodine ued ~ agente Sal 
asma inorganic |! 
Y hrs. per cent 
50 2.5, inhibited* 41 100 
5, inhibited ' 34 250 
7, escapet 29 290 
100 2.5, inhibited 59 210 
5, inhibited 46 130 
9, escape 27 190 
200 2.5, inhibited 108 160 
5, inhibited 93 100 
13, escape 20 150 
500 | 2.5, inhibited 330 160 
5, inhibited 253 130 
| 17, escape 32 220 





* Refers to periods in Figs. 2 to 5 during which organic binding of iodine was 
inhibited in the gland. 


t Interpolated from Figs. 2 to 5; it is the point of inflection in the organic curve 
and represents the time at which inhibition was released. 


level of inorganic iodine in the plasma. During this period the concentra- 
tion of inorganic iodide in the gland was 100 to 300 times that of plasma 
(Table I). 

When plasma iodine had dropped to concentrations at or below 20 y 
per cent (approximately 12 to 13 hours after the injection), the mechanism 
involving the formation of organic iodine in the gland was no longer in- 
hibited and organic iodine rapidly accumulated. At the 50 hour interval 
about 7 y of iodine had entered the gland and nearly all of it was found 
organically bound. 

Administration of 500 y of I’—The results of this experiment, shown 
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in Fig. 5 and Table I, are one of the clearest demonstrations of the capacity 
of normal thyroid tissue to concentrate iodine in an inorganic form. 10 7 
of the injected iodine were present in the thyroid gland in 2.5 hours, and 
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Fic. 4. Changes in plasma and thyroid iodine with time, following the injection 
of 200 y of iodide in rats. 
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Fic. 5. Changes in plasma and thyroid iodine with time, following the injection of 
500 y of iodide. The plasma value for the 2.5 hour interval is not shown; it was 330 7 
per cent. 


practically all of it was recovered in the trichloroacetic acid-soluble fraction 
prepared from the gland. In 5 hours the amount of the injected iodine in 
the gland fell to 5.8 y, but again nearly all of it was in the inorganic form. 
By 12 hours the amount of the injected iodine in the gland fell to 1.7 7, 
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nearly all of which was still inorganic. This precipitous rise and fall in 
the concentration of inorganic iodine in the gland during the first 12 hours 
paralleled the rapid rise and fall in the levels of plasma iodine during this 
time. Thus at 2.5 hours, when the plasma contained 330 y per cent, the 
gland contained 10.2 y of the injected iodine; at the 5 hour interval plasma 
iodine fell to 253 y per cent and the gland iodine to 5.8 y; at 12 hours 
plasma and gland contained respectively 61 y per cent and 1.7 y. 

The more prolonged inhibition in organic binding of iodine by the gland 
is in keeping with the very large dose of iodine injected. When 50, 100, 
and 200 y were administered, nearly all of the injected iodine that had 
accumulated in the gland at the 25 hour interval was organically bound. 
This was not the case when 500 y of iodine were injected; even as late as 
25 hours only two-thirds of the injected iodine in the thyroid was organically 
bound. This prolongation of the period of inhibition is related, of course, 
to the level of plasma iodine.. Since we were attempting to determine 
at precisely what level of plasma iodine the gland is inhibited, it is of in- 
terest to note that, when plasma contained 19 y per cent, all of the in- 
jected iodine in the gland, namely 8.0 y, was organically bound. Ap- 
parently the critical plasma level at which the gland’s activity was in- 
hibited was above 19 y per cent. 


DISCUSSION 


The first indication that conversion of inorganic iodide to diiodotyrosine 
and thyroxine can be blocked in normal thyroid tissue by excessive amounts 
of iodide came from the in vitro experiments of Morton et al. (3). These 
workers demonstrated that, when 300 mg. of sheep thyroid tissue were 
incubated in 3 cc. of a bicarbonate-Ringer’s medium containing 1, 5, 10, 
15, 20, and 50 y of I? as inorganic iodide, an inhibitory effect on the con- 
version of the Ringer’s I'*’ to diiodotyrosine and thyroxine occurred when 
the amount of I’? exceeded 20 y. 

The results of the present investigation confirm and extend the observa- 
tions of Morton et al. (3). They show that the activity of the normal 
thyroid gland, even in situ, is inhibited in the presence of excessive con- 
centrations of inorganic iodide. During the first 6 to 12 hours after the 
injection into normal rats of 50, 100, 200, and 500 + of iodine, the formation 
of organically bound iodine is almost completely blocked. The time rela- 
tions shown in Figs. 2 to 5 suggest that this block in the conversion of the 
injected iodide to organic forms is related to the level of plasma inorganic 
iodide. This relation between plasma iodine and thyroid activity is more 
clearly brought out in Fig. 6, in which the concentrations of plasma iodine 
were plotted against the amounts of injected iodine that were organically 
bound in the thyroid glands. Fig. 6 shows that no organic binding of the 
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injected iodine occurred in our experiments so long as the level of plasma 
iodine remained above 20 to 35 y per cent, and only when the level of plasma 
iodine fell below this range did the gland show any capacity for organically 
binding the injected iodine. 

Thus, the inhibitory effect of excessive amounts of iodide upon normal 
thyroid function has now been established in vivo as well as in vitro and 
for rat thyroid as well as for sheep thyroid. 
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Fic. 6. The relation of the level of plasma iodine to the inhibition of organic 
binding of iodine in the thyroid gland. The ordinates represent the micrograms of 
the injected I'?7 present in the organic fraction of the gland. This figure shows that 
organically bound iodine can form in the gland only when the concentration of plasma 
iodine does not exceed 35 y per cent. 





Despite an almost complete block in the gland’s capacity to bind iodine 
organically during the first 6 to 12 hours after the injection of massive 
doses of iodide, the gland does not lose its ability to concentrate iodine 
at such times. The concentrations of inorganic iodine found in the blocked 
gland* were roughly 100 to 300 times those in plasma (Table I). There can 
no longer be any doubt, therefore, that even the normal thyroid possesses a 
mechanism for concentrating iodine which is not dependent upon its con- 
version to organic forms. A similar mechanism for concentrating iodine in 


‘The thyroid glands of the rats contained comparatively small amounts of in- 
erganic iodine before the injections were made. 
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the inorganic form has been demonstrated by Vanderlaan and Vanderlaan 
(4) and by Taurog et al. (5) in the thyroids of rats made goitrous by treat- 
ment with propylthiouracil. Thus, whether the organic binding of iodine 
in the gland is blocked by a goitrogenic substance or by excessive amounts 
of inorganic iodine the thyroid can still concentrate iodine. 

It is plausible to assume that the level of plasma iodine is part of a 
homeostatic mechanism governing hormone synthesis in the gland. This 
level was found to be approximately 20 to 35 y per cent. Since the con- 
centration of inorganic iodine in the thyroid is approximately 100 to 300 
times that in plasma, the inhibitory level inside the gland (undoubtedly the 
immediate agent responsible for this homeostatic control of hormone syn- 
thesis by the gland) amounts to approximately 2 to 10 mg. percent. When- 
ever large amounts of iodine are ingested, the animal limits the conversion 
of inorganic iodine to thyroid hormone and is thereby afforded sufficient 
time to rid itself of the excess iodine. By means of this homeostatic regula- 
tor the formation of toxic amounts of thyroid hormone is prevented. 

What is the mechanism by which organic binding of iodine in the normal 
thyroid gland is inhibited by excessive amounts of inorganic iodide? That 
the inhibition operates by suppressing the secretion of thyrotropic hormone 
of the anterior hypophysis would appear to be ruled out by the in viiro 
experiments of Morton et al. (3). But the possibility that the excess iodide | 
interferes with the action of the thyrotropic hormone already present within | 
the thyroid gland is not excluded. Other explanations, namely (1) iodina- 
tion of enzymes concerned in the conversion of inorganic iodide to diiodo- 
tyrosine and thyroxine and (2) inhibition of the formation of an inter- 
mediate in thyroxine synthesis, have been considered by Morton eé al. 

Ever since the introduction of iodine therapy for the treatment of Graves’ 
disease by Plummer in 1923 (6), the mechanism by which iodine brings 
about a dramatic remission of signs and symptoms in patients suffering 
from this disease has attracted considerable attention. There can be no 
doubt that under the influence of therapeutic doses of iodine thyroid 
hormone in excessive amounts ceases to be delivered to the circulation 
(7-12). A reversal in the direction in which the hormone is secreted, 7.e. 
secretion into the follicle rather than into the blood stream, has been offered 
as an explanation for this iodine effect upon the hyperthyroid state (13). 
It has also been postulated that the therapeutic action of iodine is due to 
the inhibition of the proteolytic enzyme system responsible for the release 
of the follicular colloid (14). While we shall not attempt to evaluate these 
theories, we do believe that our findings, even though they deal with normal 
thyroid tissue, justify the conclusion that an interference in organic binding 
of iodine by the gland is an integral part of the mechanism by which iodine 
brings about a remission in Graves’ disease. According to this concept, 
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inhibition of hormone synthesis by excess iodide is a general property of 
thyroid tissue regardless of its state of activity. 


SUMMARY 


1. Rats were injected with 10, 50, 100, 200, and 500 y of iodine in the 
form of KI labeled with I". The radioactivity served as a measure of 
the amounts of injected I?’ that entered the gland. 

2. So long as plasma iodine remained above 20 to 35 y per cent, or- 
ganic binding of the injected iodide in the gland was blocked. Organic bind- 
ing of the newly accumulated iodine began to occur only when the level 
of plasma iodine fell below the critical range of 20 to 35 y per cent. 

3. A homeostatic mechanism is postulated in which excessively high 
levels of plasma iodine inhibit formation of the hormone in the thyroid 
gland. This mechanism helps to explain the beneficial effect produced in 
patients suffering from thyrotoxicosis (Graves’ disease) when large amounts 
of iodine are administered. 

4, While the organic binding of iodine is blocked, the gland is still able 
to concentrate iodine. The results presented here thus establish that 
the normal thyroid gland possesses a mechanism for concentrating iodine 
that does not depend upon its conversion to thyroxine and diiodotyrosine. 
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STUDIES ON PROTHROMBIN: PURIFICATION, INACTI- 
VATION WITH THROMBIN, AND ACTIVATION 
WITH THROMBOPLASTIN AND CALCIUM* 


By ARNOLD G. WARE anp WALTER H. SEEGERS 


(From the Department of Physiology, Wayne University College of 
Medicine, Detroit) 


(Received for publication, February 26, 1948) 


Prothrombin, thrombin, fibrinogen, thromboplastin, Ac-globulin,’ f- 
brinolysin, antifibrinolysin, antithrombin, antithromboplastin, antihemo- 
philia globulin, and heparin are all factors which are known to be a part 
of the blood clotting mechanism. They function either to provide emer- 
gency hemostasis or to prevent intravascular clotting. In the laboratory 
their activities are recognized and measured, almost exclusively, either 
by the rate of fibrin formation or by the rate of fibrin disappearance. If 
such observations and measurements involve only the action of one factor, 
reliable conclusions can be made with ease. However, when two, three, 
or more variables are simultaneously involved in a single measurement, 
it is hazardous to attempt an answer to many of the important questions 
which require elucidation. Many of the uncertainties and controversies 
in the literature on this subject are due to the interplay of several variables. 
Usually when one of the clotting factors is obtained in purified form, 
experimental variables can be further eliminated; then a period of rapid 
progress follows and new horizons are seen. 

The purification of prothrombin has presented many formidable diffi- 
culties, but it has been possible to report steady progress in an uninter- 
rupted effort (1-4) which still requires further work. In the last report 
(4) material of high purity was obtained inconsistently. The variability 
in results could not be explained. Furthermore, the products were un- 
stable in solution (5), thus defeating many of the objectives of the work. 
It is now known that the inconsistent results were due to the assay proce- 
dure and not to the method of preparation. The activation of purified 
prothrombin with thromboplastin and calcium ions can be accelerated by 
the addition of Ac-globulin (6-8), which, in small amounts, increases not 
only the rate of activation but also the final thrombin yield (7, 8). The 
removal of Ac-globulin during the purification processes results in products 
which are only partially activated in the two stage analytical procedure 


* Aided by a grant from the United States Public Health Service. Parke, Davis 
and Company supplied large quantities of plasma and funds for research. 
1 A factor which accelerates the activation of prothrombin. 
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(9, 10). The prothrombin products obtained by this method (4) are, 
therefore, more potent than the reports indicate. Usually those prepara- 
tions with the lowest apparent activity contain the least amount of Ac- 


globulin. With the aid of a modified two stage technique, in which ' | 


adequate amounts of Ac-globulin are supplied, the last reported method 
(4) has been studied extensively. This method of prothrombin prepara- 
tion appears to be the most reliable of numerous modifications which were 
attempted in a study involving the preparation of more than 200 pro- 
thrombin products. Improvements in the method, reported herein, have 
been made for the purposes of obtaining stable products and for removing 
the last traces of Ac-globulin. The modifications do not involve elimina- 
tion of any further amount of inert material. 

The present paper also includes experiments which show that low con- 
centrations of thrombin destroy prothrombin, and medium concentrations 
of thrombin act on prothrombin in a diphasic manner; first, the prothrombin 
becomes refractory to thromboplastin and it later regains the ability to 
form thrombin. High concentrations of thrombin appear to have no 
effect on prothrombin. Experiments are also outlined which demonstrate 
that thromboplastin and calcium ions activate prothrombin in the complete 
absence of Ac-globulin. 


Purification of Prothrombin 


Prothrombin Product 2 is first prepared exactly as described (4). This 
entails, briefly, acid precipitation from diluted oxalated bovine plasma, 
adsorption on magnesium hydroxide, and elution with carbon dioxide 
under pressure. It was demonstrated that this product could be left 
overnight at room temperature without immediate loss of prothrombin, 
but it now appears that, under these conditions, small amounts of thrombin 
are produced which ultimately affect the stability of the final product. 
The appearance of this thrembin is avoided by cooling prothrombin 
Product 2 immediately to 0°. The cooled product may be used at once 
or may be stored for a period up to 15 hours. Insoluble magnesium salts 
and fibrinogen are removed by straining through washed gauze. The 
clarified prothrombin eluate is then fractionated with saturated ammonium 
sulfate solutions exactly as described (4); this procedure eliminates almost 
all of the Ac-globulin. The precipitate obtained after saturation to 65 
per cent is dissolved in 10 ce. of distilled water and dialyzed against dis- 
tilled water at pH 7.0 (previous procedure, acidified water) until the 
specific resistance of the prothrombin solution is from 2000 to 3000 ohms 
when measured at 5°. This can be accomplished in 1 to 1} hours by 
using the dialysis procedures described (4). Following the dialysis period 
the prothrombin is further purified by acid fractionation at 0°. The pH 
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is brought to 5.4 by adding 0.1 N hydrochloric acid with constant stirring. 
A small precipitate which appears is removed by centrifugation. This 
precipitate contains the greater portion of the remaining Ac-globulin plus 
a small amount of prothrombin. Prothrombin is then precipitated from 
the supernatant fluid by adding acid until the pH reaches 4.6. It is re- 
moved by centrifugation and dissolved in 10 cc. of distilled water by 
cautiously adding 0.1 N sodium hydroxide to pH 7.0 to7.5. The prothrom- 
bin may then be obtained in the dried form, without loss of activity, by 
drying from the frozen state. The products are almost invariably free 


_ of thrombin and as a result are stable in solution for periods of 24 hours or 


more at room temperature. 


Removal of Ac-Globulin Activity from Purified Prothrombin 


The prothrombin products described above contain less than 1 per cent 
of Ac-globulin by weight.? All attempts to remove the remaining Ac- 
globulin by chemical means have failed. In order to eliminate completely 
the Ac-globulin activity, a method of heating has been employed. This 
follows the approach of Owren (11) for the removal of Factor V from pro- 
thrombin. It was reported in detail before that Ac-globulin is less stable 
to heat than prothrombin (8). At 53°, in neutral distilled water, pro- 
thrombin is fairly stable. Ac-globulin activity disappears precipitously 
under these conditions (8). In order to assure complete destruction of 
Ac-globulin activity in the above prothrombin preparations, the latter 
are subjected to a temperature of 53° for a period of 2 hours. Except for 
an occasional loss in activity during the 2 hour heat treatment, the pro- 
thrombin does not appear to be damaged in any way. After 30 minutes 
of such treatment it is not possible to detect any Ac-globulin in the products 
by our method of analysis (8). By this method, 1.2 X 10~* mg. of purified 
Ac-globulin can be detected in 1 cc. of test solution.’ Therefore, the pos- 
sibility is considered remote than any Ac-globulin remains after the full 2 
hour heat treatment. 

On one occasion some prothrombin was dried from the frozen state 
prior to the 2 hour heat treatment. The snow-white dry material was 
then dissolved in saline and heated at 53° for 2 hours. The Ac-globulin 


? The dry prothrombin products usually weigh about 75 mg. and contain approxi- 
mately 300 units of Ac-globulin. The best Ac-globulin products average 330 units 
per mg. of dry weight (8). The latter were estimated to be 50 per cent pure. There- 
fore, it follows that an average prothrombin product contains 0.45 mg. of Ac-globulin 
or 0.6 per cent Ac-globulin by weight. 

* An assay procedure has been developed by which 1/2500 of a unit of Ac-glob- 
ulin in 1 ce. of test solution can be detected. Since our best Ac-globulin products 
average 330 units per mg. of dry weight (8), it follows that 1.2 x 10-* mg. of the 
preparation can be detected in 1 cc. of test solution. 
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was destroyed, as anticipated, but an unexpected drop in prothrombin 
activity was noted. Following that, it was found that prothrombin cannot 
be heated at that temperature in 0.9 per cent sodium chloride solution, 
A comparison of typical results obtained on heating prothrombin in dis- 
tilled water and in 0.9 per cent sodium chloride is presented in Table I. 
Heating at 53° is possible in aqueous solutions but not in saline solutions. 


Inactivation of Prothrombin with Thrombin 


Purified prothrombin, as prepared previously, was not entirely free of 
thrombin and was not stable at room temperature (5). When dissolved 
in oxalated bovine plasma, it was stabilized (5). This was thought to be 
due, in part, to destruction of thrombin impurity by plasma antithrombin. 
It was, however, impossible to determine to what extent the instability 


TaBLeE I 
Stability of Prothrombin in Distilled Water and in 0.9 Per Cent NaCl at pH 7.2 and at 53° 





Prothrombin content 














| 
Time se. ts aaa 
| Distilled water | 0.9 per cent NaCl 
hrs. units per cc. } units per cc. 
0 7200* 7200* 
1 | 7200 5100 
3 7000 2300 


5 6500* 1400* 


* No detectable thrombin in solution. 


could be attributed to thrombin, because prothrombin free of thrombin 
was not available. In the following experiments it is shown that as little 
as 1 unit of thrombin associated with 10,000 units of prothrombin is signifi- 
cant in causing prothrombin instability. 

In all experiments, the purified prothrombin was dissolved in distilled 
water. The activity was measured by the modified two stage technique 
which supplies Ac-globulin (8). The thrombin added to the prothrombin 
was of high purity, comparable to the material described by Seegers and 
McGinty (12). This added thrombin activity was always measured and 
subtracted from the total prothrombin and thrombin activity. 

In the first experiment (Fig. 1) the prothrombin, free of thrombin, was 
dissolved in water. It was stable for 24 hours. At 48 hours a significant 
decrease in activity had occurred, at which time a trace of thrombin was 
found to have appeared spontaneously in the solution. After 72 hours 1 
unit of thrombin per cc. of solution was present, and the prothrombin 
concentration had decreased to less than 25 per cent of the original. There- 
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in |} after it continued to decrease and the thrombin concentration increased } 
ot | yntil the respective concentrations of prothrombin and thrombin became 
n. | 490 and 110 units per cc. on the 8th day. 
8- In the second experiment (Fig. 2), 13,000 units of prothrombin were 
I. placed in solution with 10 units of thrombin. Within 2} hours a significant { 
8. | drop in prothrombin concentration was found. The activity continued to 
decline and at 19 hours only 1900 units of prothrombin remained. After i 
72 hours the prothrombin had increased to 2700 units and the thrombin 
of | titer had increased to 165 units. ha 
d In the third experiment (Fig. 3) 13,000 units of prothrombin were placed 1a 
e in solution with 1000 units of thrombin. In 10 minutes a significant | | 
1. | decrease in prothrombin activity was found. Only 3200 units remained 
y 14 T T T T T 1 
13,000 units Prothrombin 4 
. 12 10 units Thrombin added "1 a. 
$ “ceed SN Se 8 a 
~ — bidF 5 10 - Mt 
a PROTHROMBIN ACTIVITY 
2] i 
-— | 2 a \ @ + i 
6} THROMBIN DETECTED 1 26+ PROTHROMBIN “4 th 
@ 3 TOTAL ACTIVITY MINUS i 
4h -_~ £4 THROMBIN ACTIVITY f 
a” f 
' | UNIT OF = { 
er THROMBIN IN > 2110.4 4 
THROMBIN 
ere) Pps 8 Tani lI 
0 10 20 30 40 50 60 70 ~~ 10, 20 30 40 50 60 70 ll 
Time in hours Time in hours i 
Fia. 1 Fig. 2 ' 
e Fig. 1. Stability of prothrombin, free of thrombin, at 28° in water at pH 7.2. 
’ Fig. 2. Stability of prothrombin at 28° in water solution with 10 units of thrombin ; 
per cc. at pH 7.2. 1] 
d at 2} hours, but thereafter the activity began to increase; at 6 hours it was 
. 5500 units, at 19 hours it was 9300 units, and thereafter it decreased 
; slowly to 5450 units in 72 hours. At 19 hours there had occurred a 3-fold | 
i increase in the original thrombin added. It increased further to 5800 
| units, where it remained for the remainder of the experiment. This 
experiment has been repeated many times. The amount of prothrombin 
2 regeneration and the extent of spontaneous thrombin production vary 
‘ proportionally, within limits, with the original quantity of thrombin 
; added. 


In the fourth experiment (Fig. 4) 6000 units of prothrombin were placed 
in solution with 500 units of thrombin. No significant change in prothrom- 
bin or in thrombin activity was found for a 72 hour period. 
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Activation of Prothrombin with Thromboplastin and Calcium Ions 


It is of considerable theoretical importance to determine whether pro. | 
thrombin can be activated in the complete absence of Ac-globulin. The | 


prothrombin preparation described above has been shown to be free of this 
factor on the basis of heat inactivation curves and tests which are very 
sensitive to Ac-globulin. Thromboplastin, free of Ac-globulin, was 
prepared as follows by a modification of the sedimentation procedure of 
Chargaff et al. (13). 400 cc. of a crude saline extract of bovine lung (10) 
were centr fuged at 48,000 r.p.m. in a Sharples supercentrifuge for 30 
minutes. The sediment was suspended in 200 cc. of saline and again 
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Time in hours Time in hours 
Fic. 3 Fia. 4 


Fia. 3. Stability of prothrombin at 28° in water solution with 1000 units of throm- 
bin per ce. at pH 7.2. 


Fic. 4. Stability of prothrombin at 28° in water solution with 5500 units of throm- 
bin per cc. at pH 7.2. 


sedimented by centrifugation at 48,000 r.p.m. for 40 minutes. The 
sediment was then resuspended in saline to make a total volume of 10 ce. 
Our tests showed that this preparation was free of Ac-globulin. This 
thromboplastin preparation was used to activate various prothrombin 
solutions at a temperature of 28°. The prothrombin, having been heat- 
treated as described and dried from aqueous solution, was dissolved in a 
stock solvent, so that when 1 part of the thromboplastin preparation was 
mixed with 1 part of stock prothrombin, the resulting solution contained 
0.15 per cent calcium chloride (approximate'y optimum), 0.9 per cent 
sodium chloride, 5 per cent imidazole buffer by volume, and a thrombo- 
plastin concentration approximately 20 times that in crude lung extract. 
The results are described below and are recorded in Table II. 
Experiment 1—1 cc. of stock prothrombin solution containing 16,000 
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TaB_e II 
Formation of Thrombin from Prothrombin, Thromboplastin, and Calcium Ions at 28° 
| Time ene Thrombin —| Thrombin 
| Fond unils per cc. ety 
1 | Stock thrombo- | 0 8000 0 
plastin 19 min. 520 6.5 
i = | 890 11.1 
| Lhr., 10 min. 1550 19.4 
| Shre., 15 1700 3500 44.0 
e’? 3800 47.5 
| ae 600 2900 36.0 
2 | Stock thrombo- 0 8000 0 
| plastin, heated| 14 min. 265 3.3 
750 9.4 
1 hr. 1380 17.2 
3 hrs. 1800 3000 38.0 
6s 3800 47.5 
| a7 “ 200 2900 36.3 
3 | Stock thrombo- | 0 5 0 
_ plastin | 23 min. Questionable 
| ee Trace 
1 hr., 15 min. 0.5 10.0 
| 3 hrs. 1.9 38.0 
ee me Trace 2.1 42.0 
| wa “ 2.4 48.0 
4 | Stock thrombo- | 0 5 0 
plastin diluted | 45 min. Questionable 
1600 times | $ hrs. % 
| 6 6é ce 
| + l 1 Trace 
5 Stock thrombo- | 0 300 0 
plastin | 20 min. 7 2.3 
Fs 22 7.3 
| 1 hr., 10 min. 59 19.5 
| 3 hrs. 90 100 33.3 
54 “ 105 35.0 
qa: ** 115 | 105 35.0 
6 | Stock thrombo- | 0 300 | 0 
| plastin diluted! 20 min. 2 0.67 
25 times ; 8 re 
1 hr., 10 min. 30 10.0 
| 3 hrs. 135 55 18.3 
| es 51 17.0 
a 130 70 23.3 


| 
' 
' 


* The prothrombin concentration was measured with Ac-globulin supplied in the 


| 











two stage assay procedure. 
subtracted from the total thrombin yield to give the prothrombin concentration. 


Under these circumstances the preformed thrombin wag 
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units per cc. was mixed with 1 cc. of thromboplastin solution, giving ay 





initial prothrombin concentration of 8000 units per cc. Thrombin was 


produced slowly. At the end of 3 hours and 15 minutes a thrombin yield 
of 3500 units per cc. was found. A prothrombin concentration of 1700 
units per cc., obtained by analyzing in the presence of an excess of Ac. 
globulin, indicated that 2800 units per cc. had been destroyed. At § 
hours the thrombin yield reached its highest value of 3800 units per ce, 
(47.5 per cent yield); this decreased slightly in 27 hours when there re. 
mained only 600 units of prothrombin per cc. of solution. 

Experiment 2—This experiment duplicated Experiment 1 except that 
the thromboplastin was first heated at 53° for 14 hours. As compared 
with Experiment 1, there was no significant change in rate and amount of 
thrombin formed or in the amount of prothrombin destruction. Since 
Ac-globulin cannot exist at a temperature of 53°, this experiment is a 
further indication that the thromboplastin preparation was free of this 
factor. 

Experiment 3—In order to determine the effect of concentrated throm- 
boplastin on dilute prothrombin solutions, Experiment 1 was again re- 


peated but this time the initial prothrombin concentration was adjusted } 


to 5 units per cc. of solution. Thrombin production was quite slow. A 
trace was detected in 45 minutes. This increased to a 10 per cent yield 


in 1 hour and 15 minutes, and a 48 per cent yield developed during a 27 | 


hour period. Only a trace of prothrombin remained at the 6 and the 27 
hour intervals. 

Experiment 4—This experiment is presented to demonstrate the interac- 
tion of the two proteins in dilute solutions. The prothrombin and throm- 
boplastin were mixed in the same proportions as in Experiment 1, but in 
1/1600 of the concentration. There was no thrombin production for 6 
hours and at 27 hours only a trace was found. Only a part of the pro- 
thrombin could be accounted for at that time. This experiment is ap- 
parently comparable to the ones described by Owren (11), from which he 
concluded that thromboplastin and calcium ions cannot activate pro- 
thrombin. 

Experiments 5 and 6—In these two experiments a prothrombin level 
was selected which is comparable to that in human plasma. In Experi- 
ment 5 concentrated thromboplastin was added. Thrombin was produced 
slowly, reaching a maximum 35 per cent yield in 53 hours. In Experi- 
ment 6 the thromboplastin was diluted 25 times, so that the ratio of pro- 
thrombin and thromboplastin was again approximately the same as in 


Experiment 1. Thrombin production was somewhat slower than in | 


Experiment 5 and the maximum yield (23 per cent) was somewhat less. 


In both experiments comparatively large amounts of prothrombin re- | 
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mained at the end of 22 hours. However, as in the other experiments 
there was some destruction of the unconverted prothrombin. 


DISCUSSION 


Seegers, Loomis, and Vandenbelt (4) reported their most active pro- 
thrombin preparation to have 15,200 units per mg. of tyrosine. With 
prothrombin prepared according to their specifications, the amount of 
Ac-globulin in the preparations was insufficient to give maximum thrombin 
yields in the two stage prothrombin analysis. Such preparations, giving 
purity values from 13,000 to 14,000 units per mg. of tyrosine, were con- 
siderably more active when analyzed after supplying an excess of Ac-glob- 
ulin. The specific activity values can be fixed somewhere between 20,000 
and 25,000 units per mg. of tyrosine, but the exact activity must await 
further study. Work now in progress is intended to establish an absolute 
prothrombin unit on a sound basis. This work deals with stability of 
dry prothrombin, reference standards, optimum conditions of activation, 
seasonal variation in plasma prothrombin concentrations, ete. 

Mertz, Seegers, and Smith (14) were the first to present evidence which 
suggested that thrombin destroys prothrombin activity. Owren (11) 
could obtain only slight evidence for the destruction of prothrombin by 
thrombin, and Ferguson (15) discounted any such possibility. Experi- 
ments reported by these investigators are not necessarily in conflict even 
though they are inadequate. The data recorded above show that much 
depends upon the relative quantities of thrombin and prothrombin in 
solution. Furthermore, the situation is complicated by prothrombin 
regeneration which is sometimes accompanied by spontaneous formation 
of thrombin in significant amounts. When 1000 units of thrombin, or 
less, are added to prothrombin of the strength used above, a fall in pro- 
thrombin titer occurs, which is followed by prothrombin regeneration. 
Spontaneous thrombin production appears to parallel prothrombin re- 
generation both in amount and in time of appearance. Therefore, it is 
probable that the regenerated prothrombin forms thrombin with greater 
ease than purified prothrombin under the conditions of these experiments. 
When 5500 units of thrombin are added, there is no great change in either 
prothrombin or thrombin concentrations. Apparently the prothrombin 
is destroyed and regenerated rapidly; spontaneous thrombin production 
does not take place to any extent because the reaction is in equilibrium. 
The generation of 5000 units of thrombin (Fig. 3), in the apparent absence 
of thromboplastin, Ac-globulin, and calcium ions, is a novelty to this 
field of research. It is not possible to say definitely that none of these 
three factors were present. Thromboplastin was certainly not present in 
appreciable quantities. Ac-globulin was absent from the prothrombin 
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and could have been present in the thrombin preparation only in traces 
if at all. Prothrombin and thrombin preparations were both dialyzed 
against demineralized water to a specific resistance of approximately 3000 
ohms. Therefore, the calcium concentration was necessarily extremely 
low. It seems probable that the correct conditions have been found for 
the production of thrombin without Ac-globulin, without calcium, and 
without thromboplastin. 

The experiments reported above show that thrombin is produced from 
prothrombin, thromboplastin, and calcium ions in the complete absence 
of Ac-globulin. Owren records experiments from which he concluded 
that thrombin production is not possible from the interaction of prothrom- 
bin, thromboplastin, and calcium ions alone (11). His experiments were 
carried out only at very low prothrombin concentrations for relatively 
short periods of time. It is not possible to determine from his data what 
concentrations of thromboplastin were used. If Owren, in addition to 
low prothrombin concentrations, used weak thromboplastin preparations, 
it becomes clear from our work why he arrived at his conclusions. 

The question may be asked why only a 48 per cent yield of thrombin is 
obtained when thromboplastin alone is used as the activator. The chief 
reason appears to be that the reaction is so slow that side reactions produce 
an effect. One of these, the inactivation of prothrombin by thrombin, 
is described in this paper. Even in the presence of Ac-globulin, a maxi- 
mum thrombin yield is not obtained unless an optimum amount of the 
accelerator is present (7,8). Decreased thrombin yields apparently result 
when any factor slows the rate of interaction of prothrombin and thrombo- 
plastin. This was pointed out in 1944 (16) from studies which involved 
the effects of alterations in pH, calcium, electrolyte concentration, etc., 
on prothrombin activation. 

On the basis of experiments which indicated that Ac-globulin catalyzes 
the reaction between prothrombin, thromboplastin, and calcium ions, it 
was decided to call this factor an accelerator (7). Since it was also found 
to be a globulin, the name accelerator globulin or Ac-globulin was proposed 
(7). The data reported here demonstrate that thrombin is produced in 
the absence of Ac-globulin. The latter speeds up the reaction (6-8). 
Therefore it is rightly designated as an accelerator and cannot be considered 
as a component of prothrombin. 


SUMMARY 


An extensive study of previously reported methods for the preparation 
of prothrombin has been made. Modifications are introduced which 
consistently give highly active preparations, stable in solution for more 
than 24 hours at room temperature. The products contain approximately 
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0.6 per cent Ac-globulin by weight. Efforts to remove this last quantity 
of Ac-globulin with fractionation procedures have repeatedly failed. 
However, the prothrombin is freed entirely of this activity by heating 
at 53° in aqueous solution. Heating in saline solution results in losses of 
both prothrombin and Ac-globulin. 

Extremely small amounts of thrombin destroy prothrombin. Larger 
amounts of thrombin produce a diphasic effect upon prothrombin; there 
is first a destruction, followed by a regeneration of prothrombin activity. 
The regenerated prothrombin appears to be changed in such a way that 
it may form thrombin in the absence of thromboplastin, Ac-globulin, and 
calcium ions. 

Thromboplastin and calcium ions activate prothrombin in the absence 
of Ac-globulin, but the reaction is slow and the final yield of thrombin is 
only about half of that produced in the presence of an optimum amount 
of Ac-globulin. 
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Apparent dissociation exponents for quinine and pamaquine (plasmo- 
chin) have been determined potentiometrically by Christophers (2) and 
by Christophers and Fulton (3). Recently Elderfield, Craig, et al. (4) 
have demonstrated by application of Craig’s counter-current distribution 
technique (5, 6) that various commercial samples of pamaquine are in- 
homogeneous and contain isomers of pamaquine to the extent of 12 to 30 
per cent of the total material. 

With a sample of pure pamaquine (6-methoxy-8-(4’-diethylamino-1’- 
methylbutylamino)-quinoline), obtained through the courtesy of Dr. Craig, 
we have determined the apparent dissociation exponents of this compound 
by potentiometric and spectrophotometric methods. Also, a hitherto 
undescribed reversible proton exchange involving pamaquine in rather 
concentrated aqueous solutions of sulfuric and hydrochloric acids has been 
studied by spectrophotometry. This proton exchange of pamaquine and 
a similar one for the structural isomer of pamaquine, SN-3294,) have been 
evaluated in terms of the extended pH scale of Michaelis. In addition, 
the exponents for quinine and an Ainley-King carbinol (7), SN-2157,! have 
been evaluated by potentiometric and spectrophotometric methods. 

Formulation of Equilibria—By potentiometric titration of aqueous solu- 
tions of quinine, pamaquine, and SN-2157 two widely separated dissociation 
exponents, pK’; and pK’s, can be evaluated for each compound. In view 

. of the considerable difference in magnitude of pK’, and pK’; for each of 














* Preliminary phases of the work reported in this paper were done on a volunteer 
basis in cooperation with a project conducted in this Department under a contract 
between the Office of Scientific Research and Development and The Johns Hopkins 
University. Completion of this work was made possible through a grant from the 
Penrose Fund of the American Philosophical Society. A preliminary report of this 
work has been published (1). 

'‘ Numbers preceded by the letters SN are the code numbers assigned by the Office 
of the Survey of Antimalarial Drugs. Data concerning these and many other com- 
pounds have been published (8). SN-3294 is 6-methoxy-4-(4’-diethylamino-1’-methy]- 

| butylamino)-quinoline. SN-2157 is 4-(6-methoxyquinoly])-c«-piperidylcarbinol. 
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these compounds, it can be assumed that these exponents are practically 
identical with intrinsic group exponents as defined by Adams (9); 7.e., each 
of these exponents refers to the proton exchange involving a single, par- 
ticular proton acceptor in the molecule. An exponent,? pK’,, can be 
evaluated spectrophotometrically (Figs. 1 and 2) for each of these com- 
pounds by a procedure similar to the one described in a study of various 
4-aminoquinolines (10). This exponent is concerned with a proton ex- 
change involving an acceptor associated with the aromatic nucleus. The 
value of pK’, was found to be practically identical with the value of pK’, 
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Fig. 1. Spectrophotometric absorption curves for quinine in dilute aqueous solu- 
tions. Identical curves were obtained for SN-2157 at these values of pH. 


in each case; therefore both pK’, and pK’; must refer to the same acceptor 
in the aromatic nucleus. This acceptor probably is the nitrogen atom of 
the quinoline ring. The equilibrium evaluated by pK’; and pK’, can be 
represented as follows 


*HB-B’/H*+ = H* + B-B’Ht 
in which B represents a proton acceptor associated with the aromatic 
nucleus and B’ represents the proton acceptor of the aliphatic side chain. 
At constant ionic strength, 


2 pK’, = pH — log [B- B’H*]/[*HB-B’H*] = pH — log [(esn+ — ©)/(e — em)}, in which 
B represents a proton acceptor associated with the aromatic nucleus and B’ cor- 
responds to the proton acceptor of the aliphatic side chain. egx+ and ep are, respec 
tively, the molecular absorption coefficients of the proton donor and proton acceptor 
species of the aromatic nucleus. e is the molecular absorption coefficient at a pl 
value at which both species are present. 
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lly K’, = pK’, = pH -1 _[B-B'H*) 
ch heen Pe) (1) 


ar- in which brackets are used to designate concentrations. 










































be Inasmuch as pK’; refers to a proton exchange involving an acceptor 
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with a proton exchange involving an acceptor in the aliphatic side chain. 
This acceptor is the quinuclidine nitrogen of quinine, the piperidy] nitrogen 
' of SN-2157, and the diethylamino nitrogen of pamaquine. The equilibrium 
atic 
. can be represented as follows: 
ain. 


B-B/H* = Ht + B-B’ 
a At constant ionic strength, pK’: is defined by equation (2). 
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transformation of pamaquine is observed spectrophotometrically (Fig. 3). 
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It seems highly probable that this transformation is concerned with another 





proton exchange involving the aromatic nucleus, the secondary amino | 


nitrogen at position 8 probably being the proton acceptor. In Fig. 3 the 
absorption curve for pamaquine in 0.2 m sulfuric acid is ascribed to the 
monopolar cationic species of the aromatic nucleus,’ the proton probably 


being attached to the ring nitrogen. The curve in 6 m sulfuric acid jg | 


ascribed to the dipolar cationic species of the aromatic nucleus, 1 proton 


being attached to the ring nitrogen and the other to the 8-amino nitrogen. | 
The transformation is practically complete in 6 m sulfuric acid and is en. | 


tirely complete in 7 m. The curve for pamaquine in 2.53 m sulfuric acid is 


ascribed to an intermediate equilibrium state in which both species are | 


present. The transformation can be reversed simply by decreasing the 
concentration of sulfuric acid by dilution of the solution with water. This 


second proton exchange involving the aromatic nucleus of pamaquine is | 
comparable to that of the 4-aminoquinolines described previously (10), | 


This proton exchange involving pamaquine also occurs in concentrated 
aqueous solutions of hydrochloric acid. 

It was desirable to evaluate this second proton exchange of pamaquine 
in terms of an extended pH scale. A generalized basis for the extension 
and alternative formulation of a scale for proton exchanges has been pre- 
sented by Clark (11), and two experimental extensions of the scale have 
been described (12-18). Hammett e¢ al. (12-17) have defined an ‘acidity 
function,’’ Ho, and have evaluated a scale for this function in concentrated 
aqueous solutions of sulfuric acid by color comparison and spectropho- 
tometry with a series of indicators of the same charge type and of graded 
and overlapping degrees of proton-accepting strength. The acidity fune- 
tion is defined by equations (3) and (4) 


(B] 
H. = pK + log —— (3) 
o= pK + log BH] 3) 
Hy = —log (H*) J. (4) 
Jsn* 


in which pK is the true dissociation exponent of an indicator which enters 
into the proton equilibrium, BH*+ = B + H*. In equation (4) parentheses 
represent activity and fg and fpy+ are activity coefficients. The acidity 
function scale is based upon the fundamental assumption that the ratio 
fs:fen+ in a given solution is the same for all proton acceptor-donors of 
the same charge type. Hall and Spengeman (19) have recalculated the 


* The molecule as a whole is a dipolar cation in 0.2 m sulfurie acid and a tripolar 
cation in 7 M, inasmuch as a proton is attached to the nitrogen of the aliphatic side 
chain throughout, this range. 
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data of Hammett et al. and have found that in aqueous solutions of sulfuric 
acid from 1 to 18 m Hp is a linear function of the molarity of sulfuric acid, 
with a slope of approximately 0.5. 

Michaelis and Granick (18) have described an extension of the pH scale 
which is based upon the relationship between pH and the differences be- 
tween the normal potentials of the two steps in the oxidation-reduction of 
various thiazines and the extrapolation of this relationship to data ob- 
tained with these indicators in concentrated aqueous solutions of sulfuric 
acid. The procedure required orientation of the extrapolation by spectro- 
photometric determinations of the mid-points of two of the proton ex- 
changes involved. The values of pH thus determined were found to be a 
linear function of the molarity of the sulfuric acid, above 1 m, with a slope 
of 0.57. 

The proton exchanges involving pamaquine and SN-3294 in aqueous 
solutions of sulfuric acid can be represented by equation (5) 


++H,B-B’H*+ = +tHB-B’H* + Ht (5) 


in which B refers to the aromatie nucleus with two proton acceptors (ring 
nitrogen and secondary amino nitrogen) and B’ represents the proton 


acceptor of the side chain. The dissociation exponent is defined by equa- 
tion (6). 


[+HB-B'H*| 
Knso,) = pl — log : 
PK aso.) = PH (or Hy) — log (++H,B-B’H*] 





It should be noted that the Ho scale of Hammett and Deyrup (12) was 
evaluated by means of a series of indicators of simpler charge type than 
that represented in equation (5). The importance of this difference in 
charge type will be emphasized later. 


EXPERIMENTAL 


Values of pK’;, pK’s, and pK’, were determined essentially as described 
in the preceding paper on 4-aminoquinolines (10). For the determination 
of pKyy,so,) for pamaquine and SN-3294 (equation (6)), optical densities 
of a series of solutions of the compound in various concentrations of H_SO, 
were determined with a Beckman photoelectric quartz spectrophotometer, 
model DU, with 1 cm. fused silica cuvettes. The nominal spectral interval 
isolated, evaluated from data for dispersion and slit widths furnished with 
the Beckman instrument, was maintained at 2 my. Sulfuric acid solutions 
of concentrations identical with the corresponding principal solutions were 
used as blanks. Absorption data were calculated as molecular absorption 
coefficients, e, which are defined by the equation, —log 7 = D = eel, in 


which 7’ is the transmittancy expressed as a fraction of unity, D is the 
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optical density, c is the concentration of the compound in moles per liter, 
and lI is the length, in em., of the light path through the solution. The 
concentrations of sulfuric acid in the series of solutions were determined by 
titration with standard 1 m sodium hydroxide, and the concentrations were 
checked in some cases by measurement of density for comparison with data 
in the “International critical tables.”’ Pipettes used for measuring samples 
of the viscous solutions of sulfuric acid were specially calibrated “‘to con- 
tain” and were rinsed with distilled water to insure complete and accurate 
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Figs. 4 anp 5. Test of the relationship, pH = pK y.s0,) + log [a/(1 — «)], for 
pamaquine (Fig. 4) and SN-3294 (Fig. 5). pH is the extended scale of Michaelis 
calculated from the molar concentrations of sulfuric acid. The theoretical curves are 
drawn for the following values of pK,H.so0,): for pamaquine, —1.33; for SN-3294, 
—7.83. In the case of pamaquine, the symbols represent the average experimental 
values of a calculated from optical densities measured at wave-lengths 420, 360, 350, 
310, 280, and 270 my (Fig. 3). In the case of SN-3294, O represents the experimental 
values of a calculated from optical densities at 375 mu, and @ the values calculated 
from densities at 351 my (see the absorption curves in the previous paper (10)). 


transfer. Values of pH or Ho were calculated from the molar concentra- 
tions of sulfuric acid by means of the scale of Michaelis (18) or the scale 
of Hammett (12) as recalculated by Hall and Spengeman (19). For evalua- 
tion of pKig,s0,, the data for pH and the corresponding absorption co- 
efficients at some selected wave-length were rectified by the general method 
of Reed and Berkson (20) with the adaptation of Clark et al. (21), applied 
essentially as described previously (10) for the calculation of pK’,. Cor- 
rections for “medium effects,” as defined by Flexser, Hammett, and Ding- 
wall (16), were made essentially as described by these authors. In Figs. 
4 and 5, data for these compounds are presented in terms of the extended 
pH scale of Michaelis and of a, the degree of dissociation of the proton 
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donor, *+H,B-B’H*, into tHB-B’H* and H* calculated from the ab- 
sorption coefficients. The curves are drawn to the theoretical relationship, 
pH = PKu.s0,) + log [a/(1 — a)]. 

In preparing concentrated aqueous solutions of hydrochloric acid for 
study of the second proton exchange involving the aromatic nucleus of 
pamaquine in this solvent, it was found to be essential to use freshly opened 
bottles of c.p. concentrated HCl. Partially empty bottles which had been 
exposed to air and sunlight apparently contained traces of free chlorine 
which chlorinated (or oxidized) pamaquine with accompanying changes in 
spectrophotometric absorption which were irreversible by dilution with 
water. 


TaBLeE I 
Dissociation Exponents (30°) of Various Derivatives of Quinoline 











Compound* —" aie ae pepe 2c Pee Sees ee PK (S01) . 
pK’s | pK’: pK’: | (scale of Michaelis) 
eo er eer 4.33 4.32 8.4 
SN-2157.... is 4.34 4.36 | 9.3 
Pamaquine =o - 3.49 3.48 10.2 —1.33T 
SN-3294 . “? 8.73 8.68 | 10.2 —7.83f 








* SN-2157 is 4-(6-methoxyquinoly])-a-piperidylcarbinol, and SN-3294 is 6-meth- 
oxy-4-(4’-diethylamino-1’-methylbutylamino) -quinoline. 

+ Mid-point, 2.86 m sulfuric acid or 3.89 m hydrochloric acid. 

t Mid-point, 14.26 m sulfuric acid. 


DISCUSSION 


Apparent dissociation exponents (ionic strength 0.1; 30°) for the proton 
exchanges occurring in dilute aqueous solutions are compiled in Table I. 
Our values for pK’; and pK’, for quinine are in fair agreement with those 
obtained potentiometrically by Christophers (2) and by Kolthoff (22), 
although the conditions of the measurements were not exactly comparable.‘ 
Christophers reported a value of 4.21 for pK’; and 8.36 for pK’, at 20°. 
The ionic strength was not specified explicitly, and apparently it was not 
kept constant throughout the titrations, but, on the basis of the concentra- 
tions of the solutions titrated, the ionic strength at the mid-points was 0.02 
in evaluating pK’, and 0.002 in evaluating pK’,. Kolthoff’s values for 
pK’, and pK’. of quinine were 4.50 and 8.23, respectively, at 15°. Our 
value for pK’,, the spectrophotometrically determined dissociation ex- 

‘Values reported by these investigators were expressed in terms of “‘basic’’ dis- 


sociation exponents. The values quoted above have been recalculated in terms of 
proton dissociation exponents as defined in the present paper. 
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ponent for the proton exchange concerned with the aromatic nucleus of 
quinine, is practically identical with the corresponding value of pK’; deter- 
mined potentiometrically (Table 1). The proton acceptor involved in the 
equilibrium evaluated by pK’, (= pK’:) undoubtedly is the nitrogen atom 
of the quinoline ring. The proton acceptor in quinine which is concerned 
in the proton exchange evaluated potentiometrically as pK’s is the quinucli- 
dine nitrogen atom. 

The values of pK’; and pK’, for SN-2157 (Table 1) agree closely with the 
corresponding exponents for quinine, and again the proton acceptor con- 
cerned is the quinoline ring nitrogen. Spectrophotometric absorption 
curves for the proton donor and proton acceptor species of quinine (Fig. 1) 
and SN-2157 are identical in the spectral range studied. The piperidy] 
nitrogen of SN-2157 is a stronger proton acceptor than the quinuclidine 
nitrogen of quinine (pK’s, 9.3 and 8.4, respectively). A dissociation ex- 
ponent of 10.98 has been reported for 2-methylpiperidine (23). By con- 
trast, the value of pK’: for SN-2157 reflects the electron-attracting effects 
of the carbinol group and the quinoline ring. 

The values reported by Christophers and Fulton‘ (3) for the apparent 
dissociation exponents of pamaquine were 3.55 for pK’; and 10.13 for pK’; 
at 20°, and the ionic strength at the mid-points apparently was about 0.009 
in evaluating pK’; and 0.0002 in determining pK’s. Our potentiometric 
values (Table I) are in reasonable agreement with those of Christophers 
and Fulton, and again the exponent determined spectrophotometrically, 
pK’,, is practically identical with pK’;. The proton exchange evaluated 
by pK’; involves the diethylamino nitrogen of the side chain of pamaquine 
as acceptor. In the case of pamaquine, the proton acceptor corresponding 
to pK’, (= pK’1) is somewhat uncertain, inasmuch as both the nitrogen of 
the quinoline ring and the 8-amino nitrogen are possible acceptors. The 
acceptor principally involved should be the one possessing the greatest 
relative proton-accepting strength. An approximate estimate of the rela- 
tive intrinsic strengths of these acceptors can be obtained by comparing 
data for quinoline and for an N-alkylaniline. The dissociation exponents 
for quinoline and for N-n-propylaniline are 4.94 and 5.02, respectively 
(24, 23). Mutual weakening of the strengths of these acceptors might be 
expected through inductive action. Resonance effects in the entire proton 
acceptor molecule which might tend to strengthen proton acceptance prob- 
ably would be less important than the mutual inductive effect, (operating in 
the opposite direction), but any resonance effect of this type probably would 
tend to “strengthen” the ring nitrogen more than the 8-amino nitrogen. 
Both of these acceptors would be weakened by the electrostatic and in- 
ductive effects of the diethylamino group of the side chain which would bear 
the positive charge of an attached proton in the range of pH in which the 
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proton exchanges involving the aromatic nucleus are evaluated. However, 
this latter effect should weaken the 8-amino nitrogen more than the ring 
nitrogen, inasmuch as the former is closer than the latter to the diethyl- 
amino group. Furthermore, the methoxy group, the effect of which is 
principally inductive when meta-substituted, would be expected to have a 
greater weakening effect on the proton-accepting strength of the 8-amino 
nitrogen than of the ring nitrogen. Thus, the ring nitrogen would be antic- 
ipated to be the stronger proton acceptor. Nevertheless, there would ap- 
pear to be a statistical probability that both acceptors would be involved to 
some extent in the range of pH in which pK’, was evaluated. However, 
isosbestic points® were maintained throughout the range of pH in which the 
change in spectrophotometric absorption occurred (Fig. 3). Maintenance 
of such isosbestic points generally is accepted as evidence that only two 
absorbing species are involved in the change. For this reason and the 
fact that a simple one proton relationship was followed, we believe that the 
proton exchange for which pK’, (= pK’;) is a measure involves the ring 
nitrogen of pamaquine almost exclusively. This conclusion is in disagree- 
ment with that of Christophers and Fulton (3) who decided, without stating 
their reasons, that the 8-amino group was involved. 

If the proton exchange evaluated by pK’, (= pK’;) involves the ring 
nitrogen of pamaquine, then the proton exchange evaluated from 0.2 to 
7M sulfuric acid (Figs. 3 and 4) or from 0.4 to 8 m hydrochloric acid must 
involve the 8-amino group as acceptor. The dissociation exponent on the 
extended scale of Michaelis is —1.33 for aqueous solutions of sulfuric acid 
(Fig. 4 and Table I). The mid-point of the change in aqueous solutions of 
hydrochloric acid is 3.89 m. The spectrophotometric absorption curves 
for pamaquine at the extremes of the transformation in HCl are identical 
with corresponding curves in H,SO,y. In summary, although the intrinsic 
strengths of the quinoline ring nitrogen and the secondary 8-amino group 
are approximately the same, the latter group is weakened relative to the 
former by diethylamino and methoxy groups and the difference is further 
accentuated after the ring nitrogen has accepted a proton by reason of the 
electrostatic and inductive effects of this positive charge. 

Data for the 4-aminoquinoline derivative, SN-3294, are included in 
Table I for contrast with corresponding data for its structural isomer, 
pamaquine. Data for SN-3294 were reported previously (10), but no 
attempt was made there to evaluate the proton exchange in concentrated 
solutions of sulfuric acid in terms of the extended pH scale of Michaelis as 
reported in the present paper (Fig. 5). The marked strengthening of the 
acceptance of the first proton by the aromatic nucleus of SN-3294 and the 


’ The significance of the isosbestic point is discussed by Clark ((11) pp. 152-154). 
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great weakening of the acceptance of the second proton, as contrasted with 
corresponding proton exchanges of pamaquine, can be attributed to the 
powerful resonance of the monopolar cation of the aromatic nucleus of 
SN-3294. The resonance hybrid of this species probably receives con- 
tributions both from Kekulé and quinonoid structures, as first suggested 
for the parent 4-aminoquinoline by Albert and Goldacre (24) and as em- 
phasized for a series of derivatives of this compound in a previous paper 
(10). 

The spectrophotometric absorption data for pamaquine and for SN-3294 
in aqueous solutions of sulfuric acid were formulated both in terms of the 
acidity function scale of Hammett and the extended pH scale of Michaelis, 
Conformity of the data to the theoretical relationship, pH (or Hy) = 
pK y.80,) + log [a/(1 — a)], was found to be better when the pH scale of 
Michaelis (Figs. 4 and 5) was used rather than the acidity function scale of 
Hammett. It seems likely that this can be attributed largely to the fact 
that these proton exchanges of pamaquine and SN-3294 are of a charge 
type which corresponds more closely to that of the thiazines employed by 
Michaelis (although the charge type varied within his series) than of the 
series of indicators of Hammett and Deyrup (12). It was emphasized 
clearly by Hammett and Deyrup that several acidity functions (H_, He, 
H,, H44, etc.) would be expected on the basis of the charge types of the 
indicators. 

In addition to the proton exchanges discussed above, quinine and pama- 
quine exhibit reversible changes in spectrophotometric absorption and 
fluorescence in 8 to 18 m sulfuric acid which are due either to proton ex- 
changes involving the methoxy groups as acceptors or to “medium effects.” 
These changes will be described in the succeeding paper on a fluorometric 
method for the determination of these compounds in biological samples. 


SUMMARY 


Apparent dissociation exponents for proton exchanges involving the 
aromatic nuclei (ring nitrogen atoms as probable acceptors) of quinine, 
pamaquine, and 4-(6-methoxyquinolyl)-a-piperidylearbinol have been 
determined potentiometrically and spectrophotometrically, and the aver- 
age values are 4.33, 3.49, and 4.35, respectively. In contrast, the corre- 


sponding exponent for SN-3294, a structural isomer of pamaquine with 


the secondary amino group in position 4 instead of position 8, is 8.71. 
Apparent dissociation exponents determined potentiometrically for the 
proton exchanges involving the side chains of these compounds arc 8.4, 
10.2, and 9.3, respectively. 

In concentrated aqueous solutions of sulfuric acid, second proton ex- 
changes involving the aromatic nuclei (secondary amino groups as probable 
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acceptors) of pamaquine and SN-3294 have been evaluated spectrophoto- 
metrically, and the equilibria have been formulated in terms of the ex- 
tended pH scale of Michaelis, the values of the dissociation exponents being 
—1.33 and —7.83, respectively. The marked differences in the proton- 
accepting strengths of pamaquine and SN-3294 are attributed to the special 
resonance of the latter. 


The authors are grateful to Professor W. Mansfield Clark for counsel in 
connection with this work, and they are indebted to Dr. Lyman C. Craig 
for a sample of pure pamaquine citrate. 
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A FLUOROMETRIC METHOD FOR THE DETERMINATION 
OF PAMAQUINE, SN-13276, AND SN-3294* 


By J. LOGAN IRVIN ann ELINOR MOORE IRVIN 


(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Ballimore) 


(Received for publication, March 2, 1948) 


Brodie et al. (1) have described a photometric method for the deter- 
mination of pamaquine! which is based upon the coupling of this compound 
with diazotized sulfanilic acid. This procedure is satisfactory, but alter- 
native methods are desirable, particularly for studies of the disposition of 
this antimalarial compound in the tissues and body fluids of various ani- 
mals. Alternative analytical methods, based upon different properties of 
a therapeutic compound, provide information concerning the degradation 
and subsequent disposal of the drug which a single method cannot yield 
so readily. The fluorescence of pamaquine, SN-13276, and SN-3294! in 
concentrated sulfuric acid provides the basis for the analytical method 
described in the present paper. 


Analytical Procedure 


Reagents— 

1. Stock standard solution of pamaquine, 100 mg. per liter. Dissolve 
161 mg. of the citrate salt? in 0.1 N sulfuric acid, and dilute the solution to 
l liter with the acid. This solution is stable for several weeks when stored 
in a refrigerator. Working standards are prepared daily by dilution with 
0.1 N HSQ,. 

2. 0.1 Nn NaOH. 

3. 1.0N NaOH. 

4. Hexane. Eastman Kodak Company, practical grade (from petro- 
leum). This crude solvent contains both volatile and non-volatile sub- 
stances which fluoresce in concentrated sulfuric acid. The solvent is 


* The work reported in this paper was aided by a grant from the Penrose Fund of 
the American Philosophical Society. 

' Pamaquine (plasmochin) is 6-methoxy-8-(4’-diethylamino-1’-methylbutylamino)- 
quinoline. Numbers preceded by the letters, SN, are the code numbers assigned 
by the Office of the Survey of Antimalarial Drugs. SN-13276 is 6-methoxy-8-(5’-iso- 
propylaminoamylamino)-quinoline. SN-3294 is 6-methoxy-4-(4’-diethyl-amino-1’- 
methylbutylamino) -quinoline. 

* We are indebted to Dr. Leslie Hellerman and Dr. Curt C. Porter for a sample of 
purified pamaquine citrate prepared, by their unpublished procedure, from a com- 
mercial sample of pamaquine. 
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freed of the non-volatile substances by distillation in an all-glass apparatus 
at atmospheric pressure. Collect the fraction boiling from 66-72° and 
store it in a glass-stoppered bottle. The volatile, fluorescent substances 
do not interfere in the method described below, since the final hexane ex- 
tract is evaporated prior to addition of sulfuric acid. 

5. n-Butyl alcohol, reagent grade. 

6. 0.1 Nn HCl. 

7. Sulfuric acid, c.p., analytical reagent grade, specific gravity 1.84, 
Most samples of concentrated sulfuric acid exhibit some fluorescence when 
irradiated by means of a mercury vapor lamp. However, “blank” fluores- 
cence from this source is quite constant for a particular batch of the acid, 
and corrections are readily made in the calculations. 

Procedure—In the following procedure pamaquine is specified, but the 
same directions apply in the determination of SN-13276. 

Add 1 to 10 ml. of plasma or other biological sample* (containing 0.2 
to 5 y of pamaquine) and an equal volume of 0.1 N NaOH to 30 ml. of 
redistilled hexane in a glass-stoppered bottle. Shake the mixture for 15 
minutes on a mechanical shaker. Centrifuge to separate the phases as 
completely as possible. If a thick layer of emulsion exists between the 
phases after the first centrifugation, break the emulsion with a stirring rod 
and repeat the centrifugation. Add 0.5 ml. of n-butyl alcohol‘ to the 
hexane phase with minimum disturbance of the aqueous layer. With a 
pipette transfer exactly 25 ml. (or, if necessary, a smaller volume accu- 
rately measured) of the hexane phase to a small, tapered separatory funnel; 
add 5 ml. of 0.1 nN HCl and shake vigorously for several minutes. Allow 
the phases to separate; then transfer the entire acid aqueous phase to an- 
other separatory funnel. Extract the hexane again with 2 ml. of 0.1 
N HCl and combine this second acid extract with the first. Introduce 25 
ml. of redistilled hexane into the funnel containing the acid extracts. Add 
1 ml. of 1.0 N NaOH and shake the mixture vigorously for 5 minutes. Al- 
low the phases to separate and add 0.5 ml. of n-butyl alcohol to the hexane 
with minimum disturbance of the aqueous layer. Draw off the aqueous 
phase and discard. Transfer the hexane quantitatively to a 100 ml. dis- 
tilling flask and evaporate to dryness by distillation under diminished pres- 
sure (water aspirator pump) in an all-glass still. Maintain the water bath 
in which the distilling flask is immersed at 30-50° during the distillation. 
It is important to remove all traces of the solvent from the flask. Then 
place exactly 8 ml. (or slightly more than the minimum volume required 


3 Samples of organ tissues, feces, etc., can be prepared for analysis by the procedure 
described by Brodie eé al. (2). 

4 Butyl alcohol is added at this point in order to minimize loss of pamaquine by 
adsorption on the walls of the glass vessel (1, 2). 
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for the particular fluorometer employed) of concentrated sulfuric acid in 
the distilling flask and spread the acid over the entire inner surface of the 
flask in order to bring all of the pamaquine into solution. Transfer the 
acid to a cuvette and determine the fluorescence in a fluorometer. The 
irradiation of the sample is best carried out by means of a mercury vapor 
lamp. For the greatest sensitivity, Corning Filter 5970 (new code number 
of the Corning Glass Works), specially ground to a thickness of 1 mm., 
should be placed between the lamp and the cuvette. However, Coleman 
Filter B,S also can be used in this “primary” position with a small de- 
crease in analytical sensitivity. The secondary filter inserted between the 
cuvette and the photocell should be Corning Filter 3060 or 3389 or Cole- 
man Filter PC,. Filter 3060 will provide greatest analytical sensitivity, 
but with fluorometers in which a considerable amount of the primary ra- 
diation reaches the photocell by reflection from the sides of the cuvettes 
or by other sources of “scattering,” it may be necessary to use Filter 3389 
instead of Filter 3060 to minimize the blank from this source. Also, when 
blanks due to scattered radiation are serious, it may be necessary to use a 
combination of Filters 3389 and 5030 in the secondary position. Filter 
5030 blocks the radiation in the ‘‘red” range of the spectrum which also is 
transmitted by primary Filter 5970. Transmittance-wave-length curves 
for these filters are presented in “Glass color filters,”’ a publication of the 
Corning Glass Works. 

Standards should be carried through the entire procedure with each set 
of unknowns, and the concentrations of the latter are calculated from the 
fluorometric values of these standards. A reagent blank, which includes 
the blank due to the sulfuric acid, should be determined by substituting 
distilled water for the biological sample in the procedure. In the calcula- 
tions, the fluorometric value of the reagent blank is deducted from the values 
for standards and unknowns. The intensity of fluorescence of the stand- 
ards is directly proportional to the concentration of pamaquine. 

The same procedure can be used for the determination of SN-3294 in 
amounts as small as 0.1 y, but analytical recoveries are more nearly quanti- 
tative if freshly redistilled ethylene dichloride (1 ,2-dichloroethane) is 
used in place of hexane for the extraction of this compound. 


RESULTS AND DISCUSSION 
It is shown in Table I that pamaquine and SN-3294 added to plasma 
are recoverable with adequate precision by this analytical procedure. The 
method is equally applicable to the determination of SN-13276. The 
amount of interfering fluorescent material in normal plasma is negligible 
when the analysis is carried out by the double extraction procedure de- 


’ Coleman photofluorometer, or Klett fluorometer, or other similar instrument. 
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scribed above. Attempts to shorten the method by extracting pamaquine 
directly from the initial organic solvent extract with concentrated sulfuric 
acid, or by evaporating the initial extract and adding sulfuric acid, were 
unsatisfactory owing to excessive “blank” fluorescence derived both from 
the solvent and from normal plasma under these conditions. When the 
double extraction procedure is used as described, the reagent blank is not 
negligible but is quite constant and reproducible with a particular batch of 
reagents. In order to minimize the blank, it is particularly important to 
distil the solvents prior to use. 

An attempt was made to determine the basis for the fluorescence of 
pamaquine and SN-3294 in concentrated sulfuric acid. As presented in 


TABLE | 
Analytical Recovery of Pamaquine and SN-3294 from Plasma 
Data for recoveries are the averages of five determinations at each concentration. 





: Average | Average 
Compound | compound’ | of plasma SQNEERLALIOR | Average | eyition of 
(theoretical) analyzed __— | pepe 

y perl. ml, | y perl, per cent per cent 

Pamaquine 20 10 18.4 92.0 10.5 

| 50 5 47.2 94.4 +8.4 

100 5 95.2 95.2 +6.2 

200 5 195.0 97.5 +5.0 

500 2 490.0 98.0 +4.8 

SN-3294 10 10 8.9 89.0 +12.0 

20 10 18.7 93.5 +9.3 

50 5 48.1 96.2 +7.0 

100 5 


5 95.3 95.3 +5.! 


the preceding paper (3), spectrophotometric and potentiometric evidence 
demonstrated that in 7 m sulfuric acid pamaquine is a tripolar cation with 
protons attached to the diethylamino nitrogen of the side chain, the quin- 
oline ring nitrogen, and the secondary 8-amino nitrogen. When the con- 
centration of sulfuric acid is increased from 8 to 18 M, there is a small shift 
in the absorption spectrum of pamaquine (Fig. 1). Solutions of pamaquine 
in 7 M sulfuric acid are practically non-fluorescent when irradiated by sun- 
light or by the 365 my line of the mercury emission spectrum. As the 
concentration of sulfuric acid is increased from 8 to 18 m, there is a pro- 
gressive increase in the fluorescence, solutions of pamaquine in 18  sul- 
furie acid exhibiting. brilliant violet-blue fluorescence. The mid-point of 
the change is in 13.76 m sulfuric acid. These changes in spectrophotometric 
absorption and fluorescence might be attributed to “‘medium effects,” 7.e. to 
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progressive changes in properties of the medium such as density and vis- 
cosity, but there would seem to be a possibility that the changes are due, 
at least in part, to a proton exchange involving the methoxy group of 
pamaquine as proton acceptor. The fact that the changes in absorption 
and fluorescence can be reversed by dilution of the concentrated acid solu- 
tions with water is in favor of the interpretation of the changes as due to a 
reversible proton exchange. In favor of the conclusion that the methoxy 
group is involved is the fact that desmethoxy pamaquine (8-(4’-diethyl- 
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Fic. 1. Change in spectrophotometriec absorption by pamaquine in aqueous 
sulfuric acid from 6 to 17.4 m. 


amino-1’-methylbutylamino)-quinoline) is practically non-fluorescent in 
both 8 m and 18 m sulfuric acid. 

Inasmuch as quinine also is a derivative of 6-methoxyquinoline, it was 
desirable to study the spectrophotometrie absorption and fluorescence of 
this compound in concentrated aqueous solutions of sulfuric acid for com- 
parison with pamaquine. As presented in the preceding paper (3), spec- 
trophotometric and potentiometric evidence demonstrated that in 0.1 m 
sulfuric acid quinine is a dipolar cation with protons attached to the 
quinuclidine nitrogen and the nitrogen of the quinoline ring. The absorp- 
tion spectrum of quinine changes progressively as the concentration of sul- 
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furic acid is increased from 0.1 to 17.5 mM. The complete absorption spectra 
of quinine for the extremes of this range of concentrations of H.SO, are 
shown in Fig. 2, and details of the progressive changes in a selected region 
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Fic. 2. Spectrophotometric absorption curves for quinine in aqueous solutions of 
sulfuric acid. 
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Fic. 3. Spectrophotometric absorption curves for quinine in aqueous solutions 
of sulfuric acid. 


are drawn to a larger scale in Fig. 3 in order to illustrate features of the 
changes which could not be shown on the smaller scale. The changes are 
reversible by dilution of the solutions with water. Again, a reversible 
proton exchange (with the methoxy group as possible acceptor) is sug- 
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gested, but the absence of true isosbestic points® and the unusually wide 
range of concentrations of sulfuric acid in which the changes in absorption 
by quinine occur argue in favor of attributing the changes to a “medium 
effect,” at least in part. 

Quinine in 0.1 M H2SO, is brilliantly fluorescent. From 0.1 to3 m sulfuric 
acid there is a slight increase in the intensity of fluorescence of quinine, 
possibly due to a medium effect. The intensity of fluorescence of quinine 
remains the same in sulfuric acid from 3 to 7 Mm. From 7 to 18 m sulfuric 
acid there is a great and progressive diminution of fluorescence of quinine, 
the fluorescence being quite weak in 18 m acid. The mid-point of the 
change is 12 m sulfuric acid. The change is reversed by dilution of the 
solutions with water. This change in fluorescence of quinine, occurring 


TaBLeE II 
Analysis of Mixtures of Quinine and Pamaquine by Measurement of Fluorescence 
in 0.1 m H»SO, and Concentrated H,SO, (18 m) 











Quantity of pama- Quanti ty of quinine | of gO ia ion , | ; Quantity calculated from fluorescence 
: | solution Pamaquine Quinine 
7 Y M | Y Y 
0 1.3 0.1 1.27 
1.26 1.3 0.1 1.31 
2.52 1.3 0.1 1.28 
5.04 1.3 0.1 1.26 
1.26 0 18 1.24 
1.26 Le 18 1.37 
1.26 2.6 18 1.52 
1.26 5.2 18 1.86 
1.26 13.0 18 | 2.63 


| 
| 
| 





concomitantly with the change in spectrophotometric absorption, suggests a 
reversible proton exchange, but a definite conclusion cannot be drawn on 
the basis of this evidence alone. Practical use can be made of the fact 
that the changes in fluorescence of quinine and pamaquine in concentrated 
aqueous solutions of sulfuric acid are in opposite directions. The data of 
Table II demonstrate that quinine can be determined specifically by meas- 
urement of its fluorescence in 0.1 m HeSO,, even in the presence of very 
large amounts of pamaquine (or SN-13276). On the other hand, pama- 
quine (or SN-13276) can be determined by measurement of its fluorescence 
in 18 m sulfuric acid with only minor interference from quinine when the 
two compounds are present in mixtures in nearly equal proportions. The 
interference from quinine becomes serious when it is present in much larger 


* The significance of the isosbestic point is discussed by Clark (4). 
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amounts than pamaquine. However, even in the latter case pamaquine 
can be estimated from the fluorescence in 18 m H,SO, by subtracting the 
fluorometric value which would be expected from the amount of quinine 
known to be present in the mixture from specific determination of quinine 
by measuring fluorescence in 0.1 m H,SO,. This is of practical value, in- 
asmuch as quinine and pamaquine (or SN-13276) sometimes are adminis- 
tered together in the treatment of vivax malaria. 

In the case of SN-3294, a large and progressive increase in fluorescence 
occurs in solutions of this compound in sulfuric acid from 7 to 18 M. This 
is the range in which great changes in spectrophotometric absorption by 
the compound occur (3, 5); the mid-points of the spectrophotometric and 
fluorometric changes practically coincide. These changes in absorption 
have been attributed to a reversible proton exchange involving the 4-amino 
group of SN-3294 as acceptor (3,5). It appears likely that the change in 
fluorescence also is due to this prcton exchange. In this case evidence for 
a proton exchange involving the methoxy group is lacking unless the 
small shift in the wave-lengths of the maxima of the absorption curves 
observed from approximately 7 to 14 m sulfuric acid is due to such a proton 
exchange rather than to a “medium effect,”’ as suggested in the preceding 
paper (3). 


SUMMARY 


A fluorometric method is described for the determination of pamaquine; 
SN-13276, and SN-3294 in biological samples. The procedure also is 
applicable to mixtures of any one of these compounds with quinine. The 
method is based upon the fluorescence of these compounds in concentrated 
sulfuric acid. Spectrophotometric and fluorometric observations are re- 
corded which suggest alternative explanations for the reversible changes 
occurring in solutions of these compounds in sulfuric acid. 
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STUDIES OF ARTERIOVENOUS DIFFERENCES IN BLOOD 
SUGAR* 


II. EFFECT OF HYPOGLYCEMIA ON THE RATE OF EXTRAHEPATIC 
GLUCOSE ASSIMILATION 


By MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louts) 
(Received for publication, March 1, 1948) 


In a previous paper! we described the quantitative relationship between 
the degree of hyperglycemia and the rate of extrahepatic glucose assimila- 
tion in healthy persons. In the present report we present the effect of 
hypoglycemia upon the rate of extrahepatic glucose assimilation. In 
order to avoid misunderstanding, it is to be noted that hypoglycemia in 
our terminology denotes any glycemic level which is below the individual 
postabsorptive level (fasting blood sugar) in healthy individuals. It will 
be demonstrated in the course of this report that a drop of but a few mg. 
per cent below the postabsorptive level actually exerts the physiological 
effects which we ascribe to hypoglycemia. It must be emphasized, how- 
ever, that the validity of the results in studies dealing with the A-V? differ- 
ences hinges, to a greater measure than in most experiments involving 
sugar determinations, upon the accuracy of the analytical work. 

The hypoglycemic state during which the observations here reported 
were made was the well known “spontaneous” hypoglycemia which trails 
with great regularity in the wake of the alimentary hyperglycemia produced 
by oral or parenteral administration of glucose. It could scarcely escape 
attention in our previous experiments! that, following the oral administra- 
ion of glucose, the A-V difference first increased rather rapidly, but then 
showed a sudden decrease. A rather abrupt dip took place sometimes 
during the 3rd, more frequently during the 4th, hour after glucose feeding. 
In a good many cases, however, the A-V difference remained high even at 
the end of the 4th hour, while in a few instances it receded to its initial 
(fasting) value as early as the end of the 2nd hour. The change showed 
no regular relationship to the time element. On closer scrutiny it became 
apparent that the abrupt decrease in the A-V difference consistently coin- 
cided with the time interval during which the arterial blood sugar had 
fallen below its postabsorptive level. This impression was strengthened 
by observations on two subjects who remained hyperglycemic and main- 

* This work was aided by the David May-Florence G. May Fund. 


‘ Somogyi, M., J. Biol. Chem., 174, 189 (1948). 
*A-V = arteriovenous. 
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tained a broad A-V difference even at the end of the 4th hour. When, 
however, the test was repeated in these instances and extended to 5 hours, 
a sudden dip of the A-V difference did develop in the course of the 5th 
hour, at the same time that the arterial blood sugar declined to a hypogly- 
cemic level. 

In further studies of this effect of hypoglycemia upon the rate of extra- 
hepatic glucose assimilation, we fed the subjects 50 gm. of glucose instead 
of 100 gm. The time of absorption, and hence the duration of the ali- 
mentary hyperglycemia, was thus cut shorter, and undue prolongation of 
individual observations to 4 or 5 hours could be avoided. The results of 
these experiments, presented in Table I, clearly show the intimate connec- 
tion between the onset of hypoglycemia and the abrupt decrease of the 
A-V difference. In four instances (Subjects 1 to 4) hypoglycemia occurred 
in the course of the 2nd hour after glucose feeding, and so did the dip in 
the A-V difference. In the next thirteen cases (Subjects 5 to 17) hypogly- 
cemia and the abrupt shrinkage of the A-V difference concurrently took 
place during the 3rd hour. Finally, in one subject (No. 18) the hyper- 
glycemia extended into the 3rd hour and, along with it, the A-V difference 
remained high. But then, in the 4th hour, when hypoglycemia occurred, 
the A-V difference fell to 1 mg. per cent from a height of 25 mg. per cent. 
There was but a single subject (No. 13) in this series of eighteen in which 
the sharp dip in the A-V difference lagged somewhat behind the onset of 
hypoglycemia. 

Two details in Table I deserve some comment. One is the fact that the 
venous blood sugar may decline to a distinctly hypoglycemic level, and 
yet the A-V difference remains high; this was the case in Subjects 6, 11, 
12, 15, and 16, in the 2nd hour after glucose feeding. It is to be noted, 
however, that during that period hyperglycemia still persisted in the arterial 
blood. The sharp shrinkage of the A-V difference took place only in the 
3rd hour, when the arterial blood sugar, too, had declined to a hypogly- 
cemic level. The second notable detail concerns the extreme delicacy and 
sensitivity of the mechanism which governs this relationship. This 
sensitivity is most conspicuous in Subjects 4 and 18, in which arterial 
hypoglycemias of only 1 and 2 mg. per cent sufficed to initiate the rapid 
shrinkage of the A-V difference. Conversely, Subjects 11, 12, and 15 
show that minimal degrees of arterial hyperglycemia, which exceed the 
fasting level by only a few mg., can keep the A-V differences lingering at 
or near the high values to which they had climbed during the preceding 
hyperglycemic period. 

The salient point of our findings, then, is the fact that at various in- 
tervals after glycose feeding abrupt shrinkage of the A-V difference takes 
place, which is intimately linked with the onset of arterial hypoglycemia, 
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Showing Sharp Dip in Arteriovenous Difference during Arterial Hypoglycemia 
N, Following Alimentary Hyperglycemia 
rs, Values in mg. per cent. 
th Time intervals after ingestion of glucose (50 gm.) 
y- | Fasting | Shr | thr. | 2hrs. | 3hrs. | 4 hrs. 
= "ee. | Origin of blood 5 | z bald g | | g 5 
) = he ~ ae ¥- Ba. 
-4 | Ele} Fle | Fle l|Fle|zle|zle 
li- | Fy t/a) 2ijalzjalilalila| 3 
I hat (inns Pian ne ee) pt wl ens 
a 1 | Arterial* 86 | 184 | 127 721 | §3 | 88 
of | Venous si| 2 | 164/20 | 90/37! 66 s|st| alert 1 
C- 2 | Arterial 79 153 135, | 52) | 69 | 77 
he | Venous 78 | 1 | 113 | 40 | 103] 32| 49] 3| 67, 2| 76| 1 
ad 3 | Arterial 89 | 154 | 146 | 83 | 62 | 80 
— | Venous 82) 7 | 138 | 16 | 126) 20| 78| 5/61| 1| 78] 2 
4 Arterial | 95 | 185 | 152} | 93} | 85| | 86 
y- Venous 88 | 7 | 157 | 28 | 13418] 8s} 5/81! 4| 84! 2 
Ik 5 Arterial 90 | 132 ul | 107} | 70| | 77 
- Venous | 81| 9 | 98/34 | 83} 28| 84/231 66| 4/76| 1 
ce 6 Arterial 92 | 193 | 129 | 122 | 81 | | 88 | 
d, | Venous 88 4 | 157 | 36 | 95) 34) 84) 38 75 | 6 | 85 | 3 
re 7 Arterial 89 | | 153 181 } 112) | 66) | 75) 
= Venous 86} 3 | 136/17 | 142] 39| 91/21/65; 1|74/ 1 
‘h 8 Arterial 93; | 142 1177; | 121 71| | 77] 
of | Venous 91| 2 | 184] 8 | 142! 35 | 101] 20° 69 | 2) 77 |\<1 
9 | Arterial 84 | 131 | 156) | 120) | 62| | 69 | 
. | Venous 79 | 5 | 114] 17 | 128) 28 | 100 29 | 59 3 | 68 | 3 
d 10 | Arterial 102| =| 170 167) | 127} | 67 | 80 
| Venous 96 | 6 | 153/17 | 146) 21 | 108) 19 | 65 | 2/79) 1 
L, 11 | Arterial 91) | 180 | 180} | ot | 64] | 77 | 
ee | Venous | 85| 6 | 143 | 37 | 151) 29) 75) 16 | 62| 2/72! 5 
al 12 | Arterial | 94 | 152 | 152 | 97] 83 | 88 | 
‘a | Venous | 90/ 4 | 131| 21 | 124) 28] 83] 14| 82] 1/83] 5 
rs 13 | Arterial | 92/ | 168) | 114) | 81) | 88} | 87| 
| Venous | 85| 7 | 142| 26 | 86|28| 67/14/84] 4/85] 2 
d 14 | Arterial as| | 167| =| 184) | 123) «| 70| =| 82 
is | | Venous 87 | 1 | 153 | 14 | 137] 17 | 110) 13 69 | 1/78) 4 
al? 15 | Arterial | 94 | | 149 | | 145 100 81 | | 85 
d | Venous 90 | 4 | 128} 21 | 123) 22} 87/13) 80; 1/|81| 4 
, 16 | Arterial | 91; | 168} 171, | 92 | 70! | 83 
| Venous 89 | 2 | 153 | 15 | 154/17] 79) 13 | 67) 3/79) 4 
os 17 | Arterial 87 | | 136 | | 169 126 |67| | 
it Venous 81) 6 | 123 | 13 | 158] 11 | 112} 14| 66 | 1 
g 18 Arterial 79 88 | 122) | 116} |112|; | 78 
) Venous 74, 5 | 838) & | 10517 | 89] 27 | 87| 25/77} 1 
- * Capillary finger blood was used to obtain the values listed opposite arterial. 
S This procedure has been shown (see foot-note 1) to provide a satisfactory substi- 
¥ tute for arterial puncture. 
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but is independent of the time that has elapsed after the ingestion of 
glucose. This phenomenon appears significant enough to merit additional 
illustration and demonstration. For this purpose we have divided the 
cases presented in Table I into two groups, according to the time of the 
onset of the hypoglycemic state. In Table IT are presented the average 
values of their glycemic levels and A-V differences (Groups 1 and 2). 
Group 3 in Table II represents the average values of experiments in which 
ten individuals were fed 100 gm. of glucose each. These were picked ag 
examples from a previous study.!. In Group 4 of Table II are given the 


TABLE II 


Showing That Sharp Dip in A-V Difference Is Chronologically Contingent Only on 
Onset of Hypoglycemia but Unrelated to Time of Glucose Feeding 


The glucose values represent mg. per 100 ce. of blood. 








| Average blood sugar values at intervals after 
ingestion of glucose 


P| 0s nes 2 | | 4 hrs. 
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Subjects used for averages | Origin of sugar values . 
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| Jt at 


Subjects 1 to 4, 50 gm. | Arterial blood {87 |169 }160 | 75 | 75 | 83 

glucose by mouth | A-V difference | 4.3] 26 | 27 4.7] 2.3) 1.5 
Subjects5to16,50gm.' Arterial blood {92 [159 '153 |108 | 73 | 81 

glucose by mouth A-V difference | 4.4] 22 | 27 | 19 2.5] 2.8 
3 | 10 subjects, 100 gm. Arterial blood |88 [151 143 [119 [115 | 74 
glucose by mouth A-V difference | 2.8] 26 | 28 | 25 | 18 3.9 
4 | 2 subjects, 100 gm. Arterial blood |91 {157 (170 148 147 [121 {71 
| glucose by mouth A-V difference | 4.0) 35 | 35 30 | 30 | 30 | 2.5 
5 | lsubject,100gm. glu- Arterial blood {92 {175 169 |240 | 61 | 81 

| cose intravenously* A-V difference | 3.3} 10.5) 19.7] 59.4] 1.4] 0.3 
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* The infeiihen lasted 2 heen: in the ist aa 28 gm., in the 2nd hour 72 gm. of 
glucose were infused. 


average values of two cases in which hyperglycemia persisted as long as 
4 hours after the ingestion of 100 gm. of glucose. Finally, Group 5 con- 
cerns a healthy young man who received 100 gm. of glucose intravenously 
in the course of 2 hours, 28 gm. in the Ist and 72 gm. during the 2nd hour. 
Attention is called to the figures which are boxed in squares. The first 
square contains the fasting arterial glycemic level; the second encloses the 
last hour during which hyperglycemia still persisted; finally, the third 
square presents the interval immediately following the onset of the hypo- 
glycemic state. With each blood sugar level the corresponding A-V 
difference is given. This arrangement of the data clearly exposes the close, 
apparently causal, connection between the onset of hypoglycemia in 
arterial blood and a rapid contraction of the A-V difference. 








—_ 


— 





This 
It rep! 
tion 0 
abnor} 
infusic 
Owing 
no suc 
by oré 
hand, 
cent, : 
permi 
hour. 
to 59 
level 
shran! 

To 
the o 
result 
show! 
antici 
also 1 
healt] 
and \ 
was e 
in the 
as pr 
porti 
Fig. ] 
inter 
hypo 
in th 
stant 

wher 
perm 
the s 

TI 

First 

the . 

done 

the | 
bloo 

the 1 





M. SOMOGYI 601 


This rule is most conspicuously demonstrated in Group 5 of Table II. 
It represents an experiment in which, by means of intravenous administra- 
tion of glucose, hyperglycemia in a healthy young man was raised to an 
abnormal height, and then, beginning at the moment when the glucose 


| infusion was terminated, a steep decline of the glycemic level ensued. 


~— 





Owing to limitations imposed by the processes of intestinal absorption, 
no such sharp and extensive swings of the glycemic level can be produced 
by oral feeding of glucose. By intravenous administration, on the other 
hand, it was possible to push the arterial hyperglycemia up to 240 mg. per 
cent, and then, by terminating the influx of glucose at that very moment, 
permit the glycemic level to drop sharply to 61 mg. per cent within an 
hour. The high glycemic level entailed an increase of the A-V difference 
to 59 mg. per cent. But when the blood sugar dipped below its fasting 
level in the course of the next hour, the A-V difference precipitously 
shrank to 1.4 mg. per cent, less than half its fasting value. 

To round out the evidence demonstrating the causal connection between 
the occurrence of hypoglycemia and the decrease of A-V difference, the 
results of one more experiment are presented here graphically. It is 
shown in this experiment that when the onset of a hypoglycemia can be 
anticipated and successfully forestalled the shrinkage of the A-V difference 
also is prevented. In the first stage of the experiment the subject, a 
healthy young man, was fed 75 gm. of glucose by mouth and the arterial 
and venous glycemic levels were observed for 3 hours; in this manner it 
was established that the usual contraction of the A-V difference took place 
in the course of the 2nd hour. Next the subject was fed 75 gm. of glucose 
as previously, but an hour and a half later he was given a second 75 gm. 
portion of glucose for the prevention of hypoglycemia. As is shown in 
Fig. 1, the results are fully in line with the rule. The second dose of glucose 
intercepted the decline of the glycemic level at the proper time to prevent 
hypoglycemia. Instead, the second dose of glucose effected a slight rise 
in the arterial glucose level. As a consequence, the A-V difference sub- 
stantially expanded during the 2nd and 3rd hours (33 mg. per cent), 
whereas in the first test in this experiment, in which hypoglycemia was 
permitted to develop, a shrinkage to 3 mg. per cent had taken place during 
the same period (see Fig. 1). 

The curves in Fig. 1 again give warning against two possible errors. 
First, they show how misleading it would be to correlate the changes in 
the A-V difference with the time element in the process (as was actually 
done by a few workers). Secondly, the glucose curves clearly convey 
the lesson that it is the changes of the arterial, and not of the venous, 
blood sugar level which must be taken into consideration in evaluating 
the relationship between glycemic levels and A-V differences. Inspection 
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of the arterial and venous curves of the second test (Fig. 1) makes this 
quite obvious: the greatest A-V difference made its appearance after the 
3rd hour of the experimental period, when the arterial blood still lingered 
at a hyperglycemic level; the fact that the venous blood sugar already 
had dipped to a hypoglycemic level evidently had no effect upon the A-V 
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Fig. 1. Illustrating that the shrinkage of A-V difference can be forestalled by / 


preventing the onset of hypoglycemia. Dashed line, blood sugar after a single 
dose of 75 gm. of glucose (first test); solid line, blood sugar after two 75 gm. doses 
of glucose (second test); O arterial, X venous. The shaded area shows that the A-V 
difference remains great so long as arterial hyperglycemia is maintained; the cross. 
hatched area shows the conspicuous shrinkage of the A-V difference in the same sub- 
ject as soon as the arterial blood sugar falls below its fasting level. 


The effect of arterial hypoglycemia is in diametric contrast to the effect 
of hyperglycemia, which, as is known, enhances the rate of extrahepatic 
(as well as hepatic) glucose assimilation. In keeping with accepted con- 
cepts and experimental proof, the response to hyperglycemia can be at- 
tributed to an increased insulin supply that is brought about by the stimu- 
lating effect of hyperglycemia upon the islands of Langerhans. It is not 
so simple to explain why hypoglycemia entails an abrupt depression in 
the rate of assimilation. Decrease of the insulin supply would readily 
be made accountable for it by the (still numerous) proponents of the over- 
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simplified “unitarian” school of thought. This, however, is untenable 
in view of the fact that the shrinkage of the A-V difference occurs just at 
the time when the onset of hypoglycemic states indicates the presence of a 
greater than normal insulin supply. 

A more apt interpretation can be based on the fact, often demonstrated 
in animal experiments, that insulin supply and insulin action do not always 
run parallel. Two categories of factors are known which depress insulin 
action: dietary and endocrine factors. High fat-low carbohydrate diets 
and acid ash diets are well recognized members of the first group. In 
the second category belong the several insulin-antagonistic constituents 
of the pituitary-adrenal system, and probably some other endocrine 
products; and still there may exist some as yet unrecognized insulin an- 
tagonists. In looking for inhibitors of insulin action which are ushered 
in by hypoglycemia, dietary factors are obviously to be disregarded and 
one must direct attention to the likelihood that hypoglycemia stimulates 
to increased activity the endocrine organs which produce the insulin- 
inhibiting hormones. Prompt response of these organs to hypoglycemia, 
by supplying increased quantities of insulin inhibitors, would readily ac- 
count for the abrupt drop in the rate of glucose assimilation. This subject 
will be treated in greater detail in a forthcoming paper dealing with the 
effects of insulin on the rate of extrahepatic glucose assimilation. 

In conclusion, we wish to call attention to the substantial contribution 
of the extrahepatic tissues to the homeostasis of the glycemic level during 
hypoglycemic states. This function is performed by virtue of the fact 
that the rate of glucose assimilation sharply drops at the onset of hypo- 
glycemia and thus retards the depletion of blood sugar. 


SUMMARY 


Differences between glucose concentrations in arterial (capillary) and 
venous blood of healthy persons were studied during hypoglycemic states 
which follow the hyperglycemia produced by glucose feeding. 

It was found that the onset of arterial hypoglycemia entails an abrupt 
drop in the rate of extrahepatic glucose assimilation. This fact is reflected 
in a sudden shrinkage of the A-V differences, which frequently dip below 
their postabsorptive (fasting) values; they may decline to less than 1 mg. 
per cent, but never become negative. 

The venous blood sugar may fall to hypoglycemic levels without affecting 
the A-V difference; it requires the impact of arterial hypoglycemia to 
depress the rate of glucose assimilation. 

The extrahepatic tissues contribute substantially to the homeostasis 
of the glycemic level by virtue of the decline in their rate of glucose as- 
similation during hypoglycemia. 
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FURTHER STUDIES ON THE ROLE OF VITAMIN B, IN THE 
METABOLISM OF TRYPTOPHAN BY THE RAT* 


By PLINIO B. JUNQUEIRA$ anv B. 8. SCHWEIGERTY 


(From the Department of Biochemistry and Nutrition, Agricultural and 
Mechanical College of Texas, College Station) 


(Received for publication, March 1, 1948) 


Recent studies have demonstrated that vitamin B,-deficient rats and 
mice, in contrast to animals receiving an adequate quantity of the vitamin, 
excrete small amounts of nicotinic acid and N!-methylnicotinamide when 
tryptophan is fed (1,2). This has been interpreted to mean that vitamin 
Bs is necessary for the metabolic conversion of dietary tryptophan to 
nicotinic acid and its methylated derivative. 

It was of interest to extend these observations and to determine the rate 
at which vitamin B,-deficient rats recovered the ability to convert trypto- 
phan to nicotinic acid when the vitamin was again administered. Further, 
the comparative effectiveness of the three vitamin B, derivatives, pyri- 
doxine, pyridoxal, and pyridoxamine, was also studied with animals pre- 
viously depleted of vitamin Bs by the use of two criteria, the amounts 
of nicotinic acid derivatives excreted when tryptophan was fed and the 
rates of gain. 


EXPERIMENTAL 


Weanling male albino rats 40 to 50 gm. in weight (Sprague-Dawley 
strain) were used in these studies. A basal ration was fed consisting of 
sucrose 67, purified casein 24, Salts IV (8) 4, corn oil 4.7, and vitamins A 
and D concentrate 0.3 per cent, plus the following amounts of B vitamins 
per 100 gm. of ration: thiamine 250 y, riboflavin 300 y, calcium pantothenate 
2 mg., inositol 100 mg., choline 100 mg., pteroylglutamic acid 200 y, and 
biotin 10 y. Control groups received 250 y of pyridoxine hydrochloride 
per 100 gm. of ration in addition to the basal ration. After 3 weeks on 
experiment, quantitative urine collections were made, and the amounts 
of nicotinic acid and N!-methylnicotinamide excreted per day were deter- 
mined by techniques described in earlier work (1). 


* Supported in part by a grant from Swift and Company. We are indebted to 
Merck and Company, Inc., for generous supplies of pyridoxal and pyridoxamine and 
to Helen Keene and Frances Panzer for technical assistance. 

+ Graduate fellow from Sao Paulo, Brazil, sponsored in part by the Institute of 
International Education. 

{ Present address, Division of Biochemistry and Nutrition, American Meat Insti- 
tute Foundation, University of Chicago, Chicago, Illinois. 
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Pooled urine collections for 2 or 3 day periods were obtained when the 
basal ration was fed and also when the basal ration plus 100 mg. of pt- 
tryptophan per day was fed for the subsequent 2 to 3 day period. This 
sequence of urine collections was repeated until the inability of the vitamin 
B,-deficient rats to convert tryptophan to nicotinic acid and N!-methyl- 
nicotinamide as determined by the urinary excretion was demonstrated, 

In the first experiments, the effect of supplementing the diet of vitamin 
B,-deficient rats on the conversion of tryptophan to nicotinic acid and 
N'-methylnicotinamide was determined after the rats had been fed the 


TABLE [| 


Effect of Recovery from Vitamin Be Deficiency on Urinary Excretion of Nicotinic 
Acid and N'-Methylnicotinamide by Rats Fed Tryptophan 


The values are expressed as micrograms excreted per rat per day. 





Experiment I Experiment II 

















Dietary regimen + Nl- 7 N}- 

a tine hme al +. ‘ine ferme 

ment acid aide ment acid side 

Basal ration (— Be) 41-43 7.8| 35 | 35-37 12.5 53 

4 «+ tryptophan* | 53-56 10.8 34 | 38-40 25.0 235 

ei ae ee | 57-58 | 14.1]; 50 | 41-43) 9.4 87 

~s « +“ + tryptophan | 59-60 | 32.1 256 | 4446 3850.0 1327 

' ee age 61-63 | 22.7 60 | 47-49 9.4 118 

“5 i ai. ag 64-66 | 59.9) 645 | 50-52 95.8 3240 

cc 8 fe | 67-68 | 21.7] 144 | 53-55| 11.4 640 

Ke Sw f+ 56-58 | 83.3 1651 

a “ +‘ | | 59-60 | 20.3 381 
os a “i | | | 61-62 | 81.3 


1930 











* In all cases 100 mg. of pL-tryptophan were fed per rat per day. 
t 250 y of pyridoxine hydrochloride per 100 gm. of ration. 


vitamin B,-deficient diet for a period of 56 days (Table I). In these studies 
vitamin Bs was supplied as 250 y of pyridoxine hydrochloride per 100 gm. 
of ration. In a subsequent experiment animals that had been fed the 
deficient diet for 40 days were used. Each figure represents the average 
of the values obtained for four rats used in each sequence of dietary treat- 
ment. 

For the studies to determine the comparative effectiveness of pyri- 
doxine, pyridoxal, and pyridoxamine, the animals were fed the deficient 
diet for 40 days. Since variations in food consumption would tend to 
increase the variability in the recovery of the animals when the test com- 
pounds were added tothe ration, these tests were carried out by injecting 
the vitamin B, derivatives intraperitoneally. 25 y of pyridoxine hydro- 
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chloride or the equivalent of the other derivatives on a molar basis were 
injected daily. This level was selected since it approximates the mini- 
mum daily requirement of the rat for vitamin B, and would give a more 
critical comparison of the three vitamin B, derivatives than if greater 
amounts were given. Four vitamin B,-deficient rats were used in each 
group, and the results obtained for the three groups before and after vita- 
min supplementation and the sequence of tryptophan feeding are shown in 
Table II. 


TABLE II 
Comparative Effect of Injecting Pyridoxine, Pyridozxal, or Pyridoxamine on 
Urinary Excretion of Nicotinic Acid and N}-Methylnicotinamide by 
Rats Fed Tryptophan 
All the values are expressed as micrograms excreted per rat per day. 


re l 


a |} Nb | dee | | a oe | Ni- 
| Days | Nico- | Nico- }.| Nico- | 
Dietary regimen jonexperi-' _tinic Methyl. | tinic Methyl- | tinic Methyl- 











ment acid eos acid | acid eo 
sees 4 fie Pos es, frmenoms | ee | sb es 
Basal ration (— Bg) 35-37 15.0} 108 — 11.0 68 10.8; 54 


“« «+ tryptophan* | 38-40 10.6 | 298 | 21.3 210 17.7 | 314 





25 y or equivalent injected per dayt 

















Pyridoxine } Pyridoxal | Pyridoxamine 
Basal ration a143| 124) 96) 9.8| 94! 10.4] 99 
“  « 4 tryptophan | 44-46 36.5 1002 | 34.4 1191 | 45.2) 1255 
- rs 47-49 | 21.3, 258) 16.4 290 15.9 | 243 
. «+ 50-52 115.6 | 2814 | 79.1 | 2749 | 97.9) 2502 
. si 53-55 | 26.2 423 | 19.6 450 9.8 | 349 
o “ + y 56-58 149.5 2540 | 158.2 1440 103.3 | 1246 
45 ie | 59-60 22.5 430 22.0 392 | 17.2 | 380 


oe eh “ 61-62 68.8 | 2125 «(90.6 «2135 61.9 | 1540 





* 100 mg. of pL-tryptophan per rat per day. 
+ Calculated as pyridoxine hydrochloride on a molar basis. Pyridoxine and 
pyridoxal were given as the hydrochloride and pyridoxamine as the dihydrochloride. 


RESULTS AND DISCUSSION 


In the present work the inability of vitamin B,-deficient rats to excrete 
relatively large amounts of nicotinic acid and N'-methylnicotinamide when 
tryptophan was fed has been confirmed. For example, after 26 days on 
experiment, rats deficient in vitamin Bs were fed 100 mg. of pi-tryptophan 
per day and excreted 13.3 y of nicotinic acid daily, whereas the vitamin 
B,-supplemented group excreted 374.8 y per rat daily. The corresponding 
values for N'-methylnicotinamide were 275 and 3817 y respectively. 
Similar data obtained in other experiments are shown in Tables I and II. 
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The rate of recovery from the vitamin B, deficiency when pyridoxine 
was added to the ration, as measured by the ability of the rat to convert 
tryptophan to nicotinic acid and N'-methylnicotinamide, is given in Table 
I. It was clearly shown that the stage of the deficiency was an important 
factor that influenced the rate of recovery. For example, when vitamin 
Bs supplementation began after 56 days on the deficient diet, 7 days 
later the excretion of nicotinic acid and N'!-methylnicotinamide was only 
60 and 645 y respectively, when rats were fed 100 mg. of pL-tryptophan per 
day. However, when pyridoxine supplementation was initiated on the 
41st day of the deficiency, the respective values after 9 days of vitamin 
Bs supplementation were 95.8 and 3240 y. Subsequent experiments con- 


ducted by injecting pyridoxine or related compounds also demonstrated 


that the recovery of the anima's in terms of the excretion of nicotinic acid 
and N!-methylnicotinamide was much more rapid when the animals were 
fed the deficient diet for only 40 days, as compared to the results presented 
in Table I for animals fed the deficient diet for 56 days. These results 
were consistent for all tests conducted with each group in each experiment. 

Rosen and associates (2) stated that even after 2 weeks of daily ad- 
ministration of 50 y of vitamin Bs to rats which had been fed a vitamin 
B,-deficient diet for 31 days they were unable to detect an appreciable 
increase in the amounts of N'-methylnicotinamide excreted when trypto- 
phan was fed. These workers used a higher level of casein (35 per cent 
as compared to 24 per cent) and the ingest’ on of higher levels of casein ac- 
centuates a deficiency of vitamin B,; (4-6); therefore their animals may 
have been more deficient in vitamin B, than the animals used in the present 
studies.' Whether these variations in the effects noted can be attributed 
to the activity of the intestinal flora or to the ability of the tissues to carry 
out the transformations involved or to a combination of these factors can- 
not be determined at present. 

It can be seen from the data presented in Table II that pyridoxine, 
pyridoxal, and pyridoxamine are essentially equal in their effectiveness 
and the recovery from the deficiency was very rapid. There was a large 
increase in the amounts of nicotinic acid and N'-methylnicotinamide ex- 
creted when tryptophan was fed during the 4th to 6th days of vitamin 
supplementation. After the 10th day of supplementation the values for 
the amounts of nicotinic acid and N'-methylnicotinamide excreted can be 
considered normal when tryptophan was fed (compare also with the data 
in Table I and in previous papers (1, 8)). Other animals fed the vitamin 


1 Since this paper was prepared for publication, Bell et al. (7) have reported that rats 
which had received a vitamin Be-deficient diet (15 per cent casein) for 22 days ex- 
creted large amounts of N'-methylnicotinamide in particular, when tryptophan was 
fed 8 days after pyridoxine supplementation was initiated. 
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B,-deficient diet continued to excrete small amounts of nicotinic acid and 
N!-methylnicotinamide when tryptophan was fed. 

The conclusion that pyridoxine, pyridoxal, and pyridoxamine are equally 
effective for the rat when injected is in agreement with the work of Snell 
and associates (9, 10). The criterion for comparison used by the latter 
workers was the rate of growth. Growth data were also secured in the 
present experiments and, during the 3 weeks of recovery from the de- 
ficiency, the gains obtained were as follows for the pyridoxine-, pyridoxal-, 
and pyridoxamine-supplemented groups: 21.0, 22.3, and 20.7 gm. per week 
respectively, whereas the control group which received no supplement grew 
at a rate of 1.5 gm. per week. It appears therefore that the rate of trans- 
formation of pyridoxine and pyridoxamine to pyridoxal, recognized as the 
biologically active form of the vitamin, is sufficiently rapid to permit equal 
effectiveness for all three compounds to be demonstrated when measured 
either by the comparative rates of gain or excretion of nicotinic acid de- 
rivatives. 

The mechanism by which vitamin Bs, functions in the conversion of 
tryptophan to nicotinic acid has not as yet been established. Indole, in- 
doleacetic acid, indolepropionic acid, indolebutyric acid, and at least cer- 
tain amino acids other than tryptophan are inactive precursors of nico- 
tinic acid for the rat, judged on the basis of the excretion of nicotinic acid 
and N!-methylnicotinamide when the test compounds were fed to animals 
receiving adequate diets (8, 11, 12).2 Rosen and associates (2) have re- 
ported that kynurenine, kynurenic acid, and xanthurenic acid, all metab- 
olites of tryptophan, are inactive as precursors of N'-methylnicotinamide 


, when tested with rats receiving adequate diets. A recent report by Beadle 


et al. (13) demonstrates that kynurenine is an intermediate in the forma- 
tion of nicotinic acid from tryptophan by Neurospora. This suggests 
that further studies with the rat and other animals may reveal some in- 
formation on the pathway whereby tryptophan is converted to nicotinic 
acid and which metabolic reaction vitamin Bs influences. From the known 
alterations in the metabolism of tryptophan by the Be-deficient rat and the 
work of Beadle et al. (13), it would apear that an exhaustive study of the 
effects of kynurenine, kynurenic acid, and xanthurenic acid on nicotinic 
acid formation would be very valuable. 

The possibility that the inability of rats to convert tryptophan to nico- 
tinic acid derivatives also occurs with animals deficient in dietary factors 
other than vitamin Bs cannot be excluded. Preliminary experiments 
have indicated that at least some reduction in the excretion of nicotinic 
acid metabolites occurred when tryptophan was fed to riboflavin- or thia- 
mine-deficient rats, as compared to the results obtained with rats fed ade- 


* Schweigert, B. S., unpublished data. 
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quate diets. These studies are being extended to obtain more information 
on the specificity of a vitamin B, deficiency on the inability of rats to trans- 
form tryptophan to nicotinic acid and its methylated derivative. 


SUMMARY 


Studies have been made on the rate of recovery of vitamin Be-deficient 
rats after supplementation with pyridoxine, as measured by the amounts of 
nicotinic acid and N!-methylnicotinamide excreted in the urine when 100 
mg. of Di-tryptophan were fed per day. A comparison of the relative 
activities of pyridoxine, pyridoxal, and pyridoxamine measured by the 
rate of gain and also by the amounts of nicotinic acid and N'-methylnico- 
tinamide excreted in urine when tryptophan was fed was also conducted, 

The rate of recovery of vitamin B, deficiency, when pyridoxine hydro- 
chloride was fed mixed in the ration was dependent on the degree of de- 
ficiency of the rat. The addition of 250 y of pyridoxine hydrochloride per 
100 gm. of ration on the 41st day of deficiency for a period of 10 days re- 
stored the ability of the rats to excrete normal amounts of nicotinic acid 
and N'-methylnicotinamide when tryptophan was ingested. The increase 
noted in the excretion of the nicotinic acid compounds was much smaller, 
however, when pyridoxine supplements were given to rats maintained for 
56 days on the vitamin B,-deficient diet as compared to the results obtained 
for animals maintained 41 days on the deficient diet. 

Pyridoxine, pyridoxal, and pyridoxamine were found to be equally ef- 
fective in restoring the ability of vitamin B,-deficient rats to convert 
tryptophan to nicotinic acid and in promoting gains in weight. 


BIBLIOGRAPHY 


1. Schweigert, B. S.. and Pearson, P. B., J. Biol. Chem., 168, 555 (1947). 
2. Rosen, F., Huff, J. W., and Perlzweig, W. A., J. Nutr., 33, 561 (1947). 
3. Hegsted, D. M., Mills, R. C., Elvehjem, C. A., and Hart, E. B., J. Biol. Chem., 
138, 459 (1941). 
4. Miller, E. C., and Baumann, C. A., J. Biol. Chem., 167, 551 (1945). 
5. Miller, E. C., and Baumann, C. A., J. Biol. Chem., 169, 173 (1945). 
6. Schweigert, B. S., Sauberlich, H. E., Elvehjem, C. A., and Baumann, C. A., 
J. Biol. Chem., 165, 187 (1946). 
7. Bell, G. H., Scheer, B. T., and Deuel, H. J., Jr., J. Nutr., 35, 239 (1948). 
8. Schweigert, B. S., and Pearson, P. B., J. Biol. Chem., 172, 485 (1948). 
9. Snell, E. E., and Rannefeld, A. N., J. Biol. Chem., 167, 475 (1945). 
10. Sarma, P. 8., Snell, E. E., and Elvehjem, C. A., J. Biol Chem., 165, 55 (1946). 
11. Schweigert, B. S., Science, 106, 522 (1947). 
12. Rosen, F., and Perlzweig, W. A., Arch. Biochem., 15, 111 (1947). 
13. Beadle, G. W., Mitchell, H. K., and Nyc, J. F., Proc. Nat. Acad. Sc.,38, 155 (1947). 








| 


' 





(Fi 


a ne’ 
avail 
porte 
in th 
for | 
cent! 
tions 
of th 
prot 


cow 
to Ww 


(1), 
as mn 
P 
penc 
volu 
25 n 
was 
mov 
penc 
mov 
one 
In a 
per ¢ 
rate 
fract 
the | 
tion 
solu 





on 


nt 


() 
ve 
he 
od, 
r0- 


le- 


re- 


sid | 


se 
er, 
for 
ed 


rt 


17). 








A CHICK GROWTH FACTOR IN COW MANURE 
VII. ITS STABILITY AND SOLUBILITY 


By H. R. BIRD, MAX RUBIN, ann A. C. GROSCHKE 


(From the Bureau of Animal Industry, United States Department of Agriculture, 
Beltsville, Maryland) 


(Received for publication, March 10, 1948) 


A previous report (1) described methods of extracting and concentrating 
a new unidentified growth factor from cow manure, and summarized the 
available information on the properties of the factor. Later it was re- 
ported (2) that the same concentrates which counteracted the deficiency 
in the chick starting diet also counteracted the deficiency in a similar diet 
for breeding birds and permitted satisfactory hatchability. These con- 
centrates obviously contained much inert material, and subsequent frac- 
tionation experiments to be described in this paper indicated that some 
of the apparent properties of the factor were due to its association with 
protein and were not characteristic of the active factor itself. 


EXPERIMENTAL 


The fraction which precipitated at pH 3.0 from a water extract of dried 
cow manure was prepared as previously described (1). The procedures 
to which this material was subjected are indicated in Table I. 

Precipitation with (NH,)2SOs was accomplished as previously described 
(1), except that in some cases the concentration of (NH,)2SO, was varied, 
as noted in Table I. 

Precipitation with 2 Per Cent CaCl.—5 gm. of acid precipitate were sus- 
pended in distilled water and dissolved by adjusting the pH to 6.8. The 
volume was then adjusted to 250 ml. 5 gm. of CaCl, were dissolved in 
25 ml. of water and added to the above-mentioned solution. The pH 
was readjusted to a value between 6.5 and 6.9. The precipitate was re- 
moved either by centrifugation or by filtration and washed twice by sus- 
pending in 2 per cent CaCl, solution. The solution remaining after re- 
moval of the precipitate was, in several cases, fractionated further. In 
one case a dialysate was prepared from it with a cellophane membrane. 
In another case, 1 volume of the solution was mixed with 5 volumes of 95 
per cent ethanol. A brown gelatinous precipitate formed which was sepa- 
rated from the solution by filtration. In a third case the CaCl,-soluble 
fraction was treated with acetone, as described below. In several cases 
the CaCl.-soluble fraction was freed of Ca by adding a concentrated solu- 
tion of NasCO; to supply approximately 2 gm. of Na,CO; per 100 ml. of 
solution. The CaCO; was removed by filtration. 
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TABLE I 
Stability and Solubility of Growth Factor Found in v Cow Manure 





Potency index® of preparation non equiv ren to - el of acid 


ppt. in positive control diet unless otherwise noted 


Preparation No. 


Effect of autoclaving and pH on stability 


Acid ppt. autoclaved 2 | 192 
hrs., pH 7.0 
pH 3. 0 solubles of above — 43 


‘* 3.0 ppt. of above | 100) 


Acid ppt. autoclaved 2 0 
hrs., pH 8.5 
pH 3.0 solubles of above 15 
3.0 ppt. of above | 81 
Acid ppt. autoclaved 1 —111+ 
hr., 2 Nn HCl 





Effect of ia 280, 0 on n solubility | 





Half saturated (NH.,).80, | 164] 80t | 24 

solubles | 
pH 2.0 ppt. of above | 23 48§ | 
“2.0solublesofabove | | 93 |\—231 | 
(non-dialyzable) 
Half saturated (NH,).SO, | 133 

ppt. | 

pH3.0ppt.ofabove | | 
43% saturated (NH,)2S0, | | | 

| 

| 

















solubles 
43% saturated (NH,).S0O, | | | 
ppt. | | | 
33% saturated (NH,) »SO, | | | 
solubles | | | 
33% saturated (NH,).SO, | | | | 
ppt. Lasthih 214 | Bhat] 
"Effect of 2 per cent CaCl. on n solubility 
CaCl, solubles 85 69, 33 
Dialysate of above 29 
95% EtOH solubles of 29 
above 
95% EtOH ppt. of above 13 
80% acetone solubles of | —3, +12 
above 
80% acetone ppt. of 33, 20 
above 


Ca-free solution of above 31 167|| — 29§ | 


bot Jus: | wie Bg ae: 4 | ‘3 | 6 | 7 


ee 


4t | —30 | (104 
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TaBLE I—Continued 





Potency index* of preparation fed ec ebiaié to level of acid 
ppt. in positive control diet unless otherwise noted 








Preperation No. 





ee m= Raa he 





foot ooes 
| 
| 





Effect of 2 per cent CaCl: on solubility—continued 




















CaCO; ppt. of above 16t 594 | | 
pH 3.0 solubles of above 44 
(Ca-free) 
pH 3.0 ppt. of above (Ca- | 1 | 
free) | 
CaCl, ppt. 50 
Dialysate of above 7 
"Solubility in 80 per cent acetone 
80% acetone sable (1st 119 78 | 101 
and 2nd fractions 
80% acetone solubles (1st; 107, 95 | 
fractionation) | 
pH 3.0 solubles of above | 31 
‘“« 3.0 ppt. of above 82 | 
80% acetone ppt. (Ist 
teectionntion) 
80% acetone solubles of| | 66, 58 
above (2nd fractiona-| | 
tion) | 
pH 3.0 solubles of | le 
above 
pH 3.0 ppt. of above | | 62 
80% acetone ppt. of| 50) 0 | 35 
above (2nd _ fraction-| 
ation) | | 














Effect of papain digestion on solubility 








Papain digest 92 138 


pH 3.0 ppt. of above —2 | 

** 3.0 solubles of above 77 123f 53§ 
Norit filtrate of above 23T | 
MeOH solubles of 87** | | 
above | 
MeOH ppt. of above 43** | | | 
Norit eluate of above 28t | 
Ppt. upon heating 22§ 52§ | | 

above to 100° 

Solution upon heating 1218 109§ | 
| 





above to 100° | | 
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TaBLE I—Concluded 





| Potency index* of preparation fed equivalent to level of acid 
ppt. in positive control diet unless otherwise noted 





Preparation No. 


CE RESET Ee eee 





Solubility in ethanol at different pH values 





Ammoniacal EtOH-insol- | —9| 4ft; | | | 
uble fraction | 
Ammoniacal EtOH solu-| 77 83tt! | 
bles 
Neutral EtOH-insoluble 92 
fraction | 
Ammoniacal EtOH-in- —36TT 2tt| 66tT 
soluble fraction of 
above 
Ammoniacal EtOH-sol- —39tt 24tt | 
uble fraction of above 
pH 3.0 ppt. of above 44tt 
** 3.0 solubles of above 52tt 
Neutral EtOH solubles 6ltt| 39tt| 32tt 
Fraction ppt. at 2° 7 
7 soluble at 2° 43 
Acid (pH 4.0) EtOH-in- 61tt| 133tt 
soluble fraction 
Acid (pH 4.0) EtOH sol- 3tt|—20tt 
ubles 



































* (Weight supplemented group — weight negative control) 
ny a a i, aes 
(Weight positive control — weight negative control) 
t Equivalent to level of acid precipitate x 1.5. 
¢ Equivalent to level of acid precipitate X 0.33. 
§ Equivalent to level of acid precipitate X 2. 
|| Equivalent to level of acid precipitate X 1.2. 
4 Fed as 1 per cent of the diet. 
** Equivalent to level of acid precipitate x 4. 
tt Obtained by 1 week assay; all other figures obtained by 4 week assay. 





Precipitation from 80 Per Cent Acetone Solution—30 gm. of acid precip- 
itate were dissolved in 1500 ml. of water at pH 7.0. 6 liters of acetone 
were added, 2 liters at a time, with shaking after each addition. The mix- 
ture was allowed to stand overnight and the precipitate was then removed 
by filtering with suction. The acetone solution was concentrated in a 
vacuum still at 40°. It contained approximately 20 gm. of solid matter. 
The precipitate was dissolved in 1 liter of water and reprecipitated with 4 
liters of acetone, added in three portions, with shaking. The properties 
of this second precipitate were different from those of the first. The second 
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precipitate was darker in color, settled more slowly, and could not be 
separated by filtration. A portion of the supernatant liquid was removed 
by siphoning and the remainder was separated from the precipitate by 
centrifugation. The second acetone solution was concentrated in the same 
manner as the first. The second precipitate, after drying in a vacuum oven 
at 45°, weighed 5 gm. 

Digestion with Papain—The acid precipitate was dissolved in water at pH 
7.0, the concentration being 2 gm. of acid precipitate per 100 ml. of solu- 
tion. The solution was adjusted to pH 5.0 with HCl. The slight pre- 
cipitate which formed was separated by centrifugation. The solution was 
divided into 250 ml. portions, each of which was placed in a 500 ml. Erlen- 
meyer flask with 25 gm. of papain. Toluene was added and the flasks 
were incubated at 37° for 48 hours with periodic shaking. The contents 
of the flasks were combined, and the undissolved enzyme preparation was 
separated by centrifugation and twice washed by resuspending in water 
and centrifuging. The original supernatant was filtered with suction to 
remove a small amount of very fine suspended matter and was then com- 
bined with the washings. A portion of the combined solution was acidified 
to pH 3.0, and the resulting precipitate was removed by centrifugation. 
The remaining solution was divided into two equal parts, one of which was 
stirred for 90 minutes with 10 gm. of norit. The norit was allowed to 
settle for 5 minutes and then removed by suction filtration. The norit 
was washed once with water and the washings combined with the original 
filtrate. The norit and filter paper were covered with 700 ml. of 10 per 
cent NH,OH and stirred for 5 hours at room temperature. The norit was 
separated from the eluate on a suction filter and washed with 10 per cent 
NH,OH. The combined eluate and washings were boiled for 3 hours to 
remove NHs3. 

One portion of eluate was concentrated to a sirup and treated with a 
large excess of absolute methanol. A white precipitate formed and was 
separated by filtration with suction. 

Extraction with Ethanol—To 9 gm. of acid precipitate in a round bottom 
flask was added 1 liter of 95 per cent ethanol. The mixture was heated 
2 to 3 hours at 65-70° under a reflux condenser, and then filtered. The 
residue was washed twice with 50 ml. portions of hot ethanol and then re- 
turned to the flask and refluxed with a second, and then with a third, 
1 liter portion of ethanol. The final residue, after drying, weighed 4.7 gm. 
The combined extracts were allowed to stand 3 days at 2°. A precipitate 
formed which was removed by centrifugation. The supernatant liquid 
was concentrated under reduced pressure. 

Extraction with ammoniacal ethanol was accomplished in much the 
same way as outlined above, except that the solvent consisted of 900 ml. 
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of 95 per cent ethanol and 100 ml. of concentrated NH,OH. Two extrac. 
tions were made, each of 4 hours duration. The residue weighed 5.4 gm., 
or 60 per cent of the original weight of the acid precipitate. 

The combined extracts were concentrated (in one case at 90° and in 
another at 70°) under reduced pressure to a sirup and then to dryness on a 
steam bath. 

Testing of Preparations—Most of the testing was done by the method 
described by Rubin and Bird (1). However, in the later stages of the work, 
a short test was suggested by the finding that high levels of soy bean meal 
increased the requirement for the factor (3) and by the report of Zucker 
et al. (4) that weight differences were observed within 2 or 3 days after ef- 
fective supplements were given to young rats fed a diet high in vegetable 
protein. In the short test, as in the older method, chicks were obtained 
from hens fed a diet low in the essential factor, with the additional pre- 
caution that all hens producing eggs of high hatchability when fed this 
diet were eliminated. It has been shown that the progeny of such hens are 
not very susceptible to the deficiency (5). All chicks were fed the basal 
diet until 2 weeks old and then groups of twelve birds, carefully equalized 
with respect to weight and ranging in individual weight from 65 to 90 
gm., were placed in cages in an air-conditioned room at 25.5° and continued 
on the basal diet, except that each test group received as a supplement one 
of the fractions to be tested. In each experiment a negative control group 
was fed the basal diet alone and a positive control group the basal diet 
plus 0.15 per cent of the acid precipitate fraction. The composition of 
the basal diet was yellow corn 23.0 per cent, alfalfa leaf meal 3.0, soy bean 
meal 70.0, butyl fermentation solubles (containing 250 y of riboflavin per 
gm.) 0.6, steamed bone meal 1.5, limestone 1.0, salt (96 per cent NaC], 
4 per cent MnSQ,-4H,0) 0.7, and vitamins A and D feeding oil (400 
A. O. A. C. units of vitamin D, 2000 U.S. P. units of vitamin A per gm.) 
0.2. 1 mg. of nicotinic acid was added to each 100 gm. of diet. 

When the short test was first tried good results were obtained in | week 
in a number of cases. The results of several of these tests are included in 
Table I. Recently the response of chicks to effective supplements has been 
slower, making it necessary to resort to a test period of 2 weeks. Even 
this is a considerable improvement over the older method, which required 
4 weeks. 


RESULTS AND DISCUSSION 


The effects of the various fractions upon growth of chickens are sum- 
marized in Table I. To facilitate comparison of the results of different 
tests, all results were expressed as “‘potency indices” rather than as average 
weights. The method of calculating the potency index is indicated below 
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Table I. An index of 0 indicates that the growth of chicks fed the supple- 
mented diet was no better than the growth of chicks fed the basal diet. 
Supplements having an index of 100 were as effective as the original acid 
precipitate in equivalent quantities. Supplements having indices above 
or below 100 were proportionately more or less effective than the original 
acid precipitate, both being fed in equivalent quantities with a few ex- 
ceptions, which are noted in Table I. 

As reported previously (1), the growth factor was stable to autoclaving 
at neutral pH. It was destroyed by autoclaving with 2N HCl. It was 
not destroyed by autoclaving 2 hours at a pH of 8.5, since that portion of 
the solution which was acidified to pH 3.0 after autoclaving yielded a potent 
precipitate. The remainder of the solution was added to the diet without 
adjusting the pH, since the pH had decreased from 8.5 to 7.6 during auto- 
claving. The activity disappeared from this part of the solution, pre- 
sumably after mixing with the diet or while it was held at pH 7.6 before 
mixing. The active factor was still precipitated at pH 3.0 after auto- 
claving at pH 8.5 or 7.0. 

Precipitation of inert material by half saturation with (NH4)2SO, proved 
to be an unsatisfactory procedure because the results were not readily re- 
producible. The first three times it was tried the greater part of the 
potency was in the soluble fraction, but in later experiments most of the 
active material, and in one case all of it, was precipitated. Precipitation 
at 43 or 33 per cent saturation with (NH,)2SO, did not offer any greater 
promise. The active material as it occurred in the (NH,)2SO, solubles was 
not precipitated at acid pH (Preparation 3); as it occurred in the redis- 
solved (NH4)oSO, precipitate, it was precipitated by acid (Preparation 6). 
It seems likely that the factor was associated with protein in the (NH,4)2SO, 
precipitate, but that it was free of such association in the solubles. The 
factor in its (NH4).SO,-soluble, acid-soluble state was apparently non- 
dialyzable (Preparation 3). 

Like the (NH4)sSO, procedure, precipitation with 2 per cent CaCl, re- 
moved much inert material, while leaving a considerable portion of the 
active factor in solution. However, removal of the calcium as CaCO; 
removed varying quantities of the activity, and in Preparation 5 the cal- 
cium-free solubles were devoid of activity. The active factor in the CaCl, 
solubles as in the (NH,)2SO, solubles was not precipitated at acid pH. 

When acetone to the extent of 80 per cent concentration was added to 
solutions of the growth factor, activity was divided between the solution 
and the precipitate, but if the precipitate was redissolved and reprecip- 
itated, the second precipitate contained little of the factor, most of it 
being in the two soluble fractions. The factor as it occurred in 80 per 
cent acetone was partially soluble and partially precipitable at pH 3.0. 
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After digestion of the acid precipitate with papain the factor was not 
precipitable at pH 3.0. This confirms the supposition stated above that 
precipitation of the factor by acid was the result of association with protein, 
A precipitate containing relatively little of the factor formed in the soluble 
fraction at pH 3.0 when this was neutralized and heated to boiling. This 
precipitate is believed to have been derived largely from the papain prepara- 
tion. The factor present in the papain digest apparently was incompletely 
adsorbed by norit, and that which was adsorbed was incompletely eluted 
by 10 per cent NH;OH. In view of the destruction of the factor after 
autoclaving at pH 8.5, it is also possible that some potency may have been 
lost from the eluate as it was boiled to remove NH;. This was done at 
atmospheric pressure. 

The factor was readily extracted from the acid precipitate by ammoniacal 
ethanol but not by neutral or acid ethanol. After extracting with neutral 
ethanol at 65~70° to remove some inert material, the residue did not yield 
its content of the factor as readily to ammoniacal ethanol as did the original 
precipitate. The results obtained with Preparation 4 are similar to those 
obtained after autoclaving at pH 8.5, in that the ammoniacal ethanol ex- 
tract was inactive when fed as such but showed activity in both fractions 
when it was adjusted to pH 3.0 and separated into the precipitate and the 
solution. These results suggest further investigation of the lability of the 
active material in weakly alkaline solutions and especially during the dry- 
ing of such solutions. 

The previously reported precipitation of the active material at pH 3.0 
was undoubtedly due to the presence of protein, since digestion with papain 
left the factor no longer precipitable at this pH. The precipitation of 
the factor with protein at pH 3.0 was probably due to occlusion or copre- 
cipitation rather than to chemical combination of the factor with the pro- 
tein molecule, because in 2 per cent CaCl, solution and in several cases in 
half saturated (NH,)2SO, solution the protein precipitated and left the active 
factor in solution in a form no longer precipitable at pH 3.0. 

McGinnis et al. (6) reported that an ethanol-soluble fraction of liver 
contained a factor essential to the growth of chickens fed a basal diet 
similar to the diets used in these studies. This factor was dialyzable, 
soluble in water at pH 3.0, and not adsorbed by activated charcoal at pH 
values from 2.0 to 5.0. The properties reported by McGinnis and those 
reported in this paper are in good agreement except for the results of 
dialysis experiments, and since these were probably carried out under dif- 
ferent conditions and certainly with different preparations they would not 
exclude the possibility that a single factor was involved in both studies. 


' 
| 


| 
| 


Th 
in CO! 
if the 
cipita 
soluti 
from 
to a 
ethan 
destr 
of de 
line s 

Al 
grow! 





.0 
‘in 

of 
re- 


in 
ve 


iet 
le, 
9H 
Ise 


ol 


10t 


es. 


H. R. BIRD, M. RUBIN, AND A. C. GROSCHKE 619 


SUMMARY 


The essential dietary factor for chickens previously reported to be present 
in concentrates prepared from cow manure was soluble in water at pH 3.0 
if the protein was previously removed by digestion with papain, or by pre- 
cipitation from half saturated (NH4)25O; solution or 2 per cent CaCl, 
solution. The factor was soluble in 80 per cent acetone. It was extracted 
from the crude acid precipitate containing protein and other inert material, 
to a slight extent by neutral ethanol, and completely by ammoniacal 
ethanol. It was stable when autoclaved 2 hours at neutral pH but readily 
destroyed by autoclaving 1 hour with 2 N acid. There was some evidence 
of destruction of the factor when it was allowed to stand in slightly alka- 
line solutions or when such solutions were dried. 

A method of assaying preparations for their content of the factor by a 
growth test of 1 or 2 weeks duration was developed. 
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THE HYALURONIDASE INHIBITOR OF HUMAN BLOOD 
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The disappearance of the ‘‘spreading factor” from the blood stream after 
intravenous injection was demonstrated by Duran-Reynals. He suggested 
the presence of a substance in blood which destroys the ‘‘spreading factor” 
(1). Hobby et al. (2) found evidence of the inhibition of hyaluronidase 
prepared from Clostridium welchit and certain strains of streptococci by 
normal human and rabbit serum. This effect was ascribed to salt forma- 
tion between albumin and hyaluronic acid. 

McClean (3) reported that hyaluronidases prepared from bull, rabbit, 
and mouse testes were inhibited by guinea pig, rabbit, sheep, horse, mouse, 
and human serum. Heparin, chondroitin sulfate, and gastric mucin were 
found to be inhibitory, while Shiga-Kruse polysaccharide and blood group 
A hapten were without activity. The inhibitor in blood was not considered 
identical with any of these substances, since chemical properties indicated 
that it was pseudoglobulin in nature. 

A recent series of papers by Haas (4-6) has revived interest in the nature 
of the hyaluronidase inhibitor in blood. On the basis of reaction rates and 
effects of temperature changes it was concluded that the substance in 
blood is an enzyme and the name “antinvasin I’”’ was suggested. Compari- 
son of the relative activity of blood sera from different species on different 
hyaluronidases led to the conclusion that there exists a complex system 
consisting of at least two different antinvasins and a substance accompany- 
ing hyaluronidase which was named ‘“proinvasin.’”’ Haas suggests that 
this complex system is responsible for defense against bacterial invasion. 
This work was done with crude hyaluronidases and no account was taken 
of the possible effects of contaminating enzymes. 

In a preliminary report (7) from this laboratory evidence was presented 
casting doubt on the enzyme nature of the substance in blood which in- 
terferes with hyaluronidase activity. More recently Hechter (8) has 
studied the effect of serum on the spreading activity of hyaluronidase 
and found evidence of inhibition. He quotes unpublished work by Hi- 
didian and Pirie as proving that the serum factor acts as an inhibitor rather 
than an enzyme. 


* Present address, Department of Pediatrics, University of Chicago. 
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Leonard and Kurzrok have shown that serum also inhibits the dispersal 
by hyaluronidase of follicle cells surrounding the ovum (9). 

The effects discussed above are all presumably due to a physiological 
substance in blood serum. This should be distinguished from the specific 
antibodies for individual hyaluronidases which have been repeatedly 
demonstrated (10-13). 

It is the purpose of this report to present evidence showing that the 
behavior of the substance in blood is inconsistent with the thesis that it is 
an enzyme. A relatively simple method has been devised for the estima- 
tion of this substance and some success has been achieved in its purifica- 
tion. All studies have been concerned only with inhibition of bovine 
hyaluronidase by human serum. 


Methods 


The viscosity method of Madinaveitia and Quibell (14) was used as 
modified by Haas (4). Due to the tedious nature of this method it was 
used only for comparative purposes and was finally abandoned in favor of a 
simpler turbidity method. Materials used were prepared as previously 
described (15). 

Before examining results obtained by the viscosity method it is neces- 
sary to consider the method of calculation of activity. If the time re- 
quired to reach a half reduction of viscosity of a given amount of hyalu- 
ronic acid in the presence of hyaluronidase (half life time) is called Ro, the 
activity of hyaluronidase may be expressed as the reciprocal of the 
half life time (1/Ro). If the same amount of hyaluronidase is mixed with a 
given amount of serum, a new half life time is obtained which may be 
designated as R. The activity of hyaluronidase remaining after the action 
of serum can be expressed then as 1/R and the amount of hyaluronidase 
that is destroyed (or inhibited) is 1/R) — 1/R. Haas has used this method 
of computation in some experiments but in others he has used the expres- 
sion (R — Ro)/Ro. The derivation and meaning of this expression are not 
given. It is not equal to the previous expression (1/2) — 1/R) and has 
no meaning when methods of hyaluronidase assay not involving the half 
life time are used. Using the method as described by Haas, we have been 
unable to find any linear relationship between activity and amount of 
serum. If, however, activity is expressed in terms of amount of hyaluroni- 
dase activity destroyed (1/Ry) — 1/R), linearity is obtained. Under 
these conditions the results obtained by the turbidity method do not 
differ significantly from those by the viscosity method. 

The turbidity method used is essentially that described in a previous 
publication from this laboratory (15). A standard curve for hyaluronidase 
is run daily to check on reagents and methods. It has been previously 
pointed out that the activity of hyaluronidase varies with different prepa- 
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rations of hyaluronic acid. In order to obviate this difficulty we have 
defined our unit in terms of the activity of a given amount of a standard 
hyaluronidase preparation. No evidence of change has been found in 10 
months storage in the dry state at —20°. 

To determine inhibitor in serum the following method is used. Standard 
enzyme is diluted in 0.1 m borate buffer at pH 7.4 so as to contain 24 
units per ml. 0.5 ml. of this solution is mixed with 0.5 ml. of diluted serum 
(serum is diluted with 0.15 m NaCl to appropriate concentration, depend- 
ing on activity) and the mixture is incubated for 10 minutes at 24°. At 
the end of this time the mixture is brought to 38° and 1 ml. of hyaluronic 
acid made up in 0.3 m phosphate buffer at pH 5.5 is added. This mixture 
is incubated at 38° for 45 minutes, after which time the turbidity is de- 


TABLE | 
Comparison of Activity of Sera As Determined by Viscosity and Turbidity Methods 














| 


Viscosity 

- —_——s ———— ee — | a ° 

Sample No. ; ‘ een Turbidity, units per ml. 
ke R Pe ml, | —R «Oper ml 
cone ey ee ey ee ee ee 

1 | 86 | 46 83 

2 58 | 19 56 

3 51 29 51 

4 45 ul | 35 

5 32 a 32 

6 92 | 64 72 


veloped and read as previously described. Turbidity developed due to the 
addition of the serum is corrected for by a blank containing all reagents 
except hyaluronidase. The activity of serum is determined in terms of 
amount of enzyme which has been inhibited. 1 unit of inhibitor is that 
amount which will inhibit 1 unit of hyaluronidase. Results are expressed 
in terms of units of inhibitor per ml. of serum. Table I shows the results 
of assay of six sera by both the viscosity and turbidity methods. With 
the methods as outlined above the results obtained are comparable to those 
obtained by the viscosity method, provided calculations are made by the 
formula 1/Ry — 1/R. If the formula (R — Ro)/Ro is used, this is not 
true. It will be noted that not only do the absolute values differ but the 
relative values on different sera do not agree. 

Since good agreement between the turbidity and viscosity methods 
was obtained, the turbidity method was used in the remaining studies. 


EXPERIMENTAL 


Relationship of Activity to Concentration of Serum—It has previously been 
demonstrated by the viscosity method that the activity of serum varies 
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linearly with serum concentration (4). In this case activity was expressed 
as a function of hyaluronidase destroyed. Similar experiments by the 
turbidity method have confirmed this finding. The results of such an ex- 
periment are shown in Fig. 1. The curve shown is the calculated regression 
line by the method of Fisher (16) from the observed points up to and in- 
cluding 0.05 ml. of serum. It is obvious that above this point the curve 
shows flattening. For this reason, values were accepted as valid only if 
destruction did not exceed 4 units (in the presence of 6 units) of hyaluroni- 
dase. If the amount of enzyme inhibited falls below 2 units, the intrinsic 
error of the turbidity method becomes very large. This is illustrated by 
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Fic. 1. Relationship of hyaluronidase inhibitor activity to serum concentration. 


the following example. If 6 units of hyaluronidase are added and | unit 
is inhibited by a given amount of serum, 5 units will remain. In a pre- 
vious publication it has been shown that at this level the coefficient of vari- 
ation in the turbidity determination is about 5 per cent; thus the value of 
5 units may be considered as 5 + 0.25. Since the inhibitor value is ob- 
tained by difference from 6, its value will be 1.0 + 0.25 unit; thus the error 
in the inhibitor becomes +25 per cent, although the actual experimental 
error in the determination is only +5 per cent. By this same type of 
calculation it can be shown that with between 2 and 4 units of inhibitor the 
coefficient of variation should vary between 5 and 20 per cent. In a series 
of 300 determinations done under these conditions the coefficient of vari- 
ation was found to be empirically +14 per cent. 
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Effect of Hyaluronidase Concentration on Activity of Serum—It has pre- 
viously been claimed that the activity of serum is directly proportional to 
hyaluronidase concentration (4). This is to be expected whether the sub- 
stance in serum is an inhibitor or an enzyme, provided the amount of 
hyaluronidase is low. If the concentration of hyaluronidase is in excess of 








TaBLeE II 
Effect of Hyaluronidase Concentration on Activity of Serum 
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TIME IN MINUTES 
Fic. 2. Rate of reaction between serum and hyaluronidase 


that required for maximum activity, the activity of the serum should be- 
come independent of hyaluronidase concentration. That this is so is shown 
by the data in Table IT. 

Effect of Time on Reaction between Hyaluronidase and Serum—The next 
group of experiments was performed in order to determine the effect of time 
on the activity of blood serum. This is one of the criteria upon which 
Haas has concluded that the substance in question is an enzyme. The 
results of such an experiment are shown in Fig. 2. It will be noted that the 
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50 per cent of the hyaluronidase present has been inhibited. When Haas’ 
data (4) are recalculated by the formula (1/R) — 1/R), his results are found 
to agree well with those in Fig. 2. 

The findings in this experiment are inconsistent with the assumption that 
the substance in question is an enzyme. 

Effect of Temperature on Activity of Serum—The next experiments were 
performed to study the effect of temperature on the rate of reaction be- 
tween serum and bovine testicular hyaluronidase. Table III illustrates 
the results of a group of such experiments. The serum and enzyme were 
mixed and kept at the indicated temperature. After 10 minutes hyaluronic 
acid dissolved in 0.3 Mm phosphate buffer was added and the mixture brought 
to 38° for the determination of the remaining hyaluronidase. It will be 
noted that higher activity was consistently obtained at lower temperatures, 











TaBLeE III 
Effect of Temperature on Reaction of Serum and Hyaluronidase 
a. 17° 27° 38° 
Sample No. —__— : cee on : : 
Units per ml. serum 
1 79 76 66 17 
2 100 100 71 51 
3 94 92 79 48 


With some purified preparations (prepared according to the method of 
Hahn (17)) no difference between different temperatures was obtained. 

The activities at these temperatures are at variance with those pre- 
viously reported (4) and are again inconsistent with the assumption that 
the active substance in blood is an enzyme. 

The decrease in activity at higher temperatures might be due to the 
presence of contaminating enzymes in the hyaluronidase preparations, 
which destroy the inhibitory substance in serum. That this is true is 
suggested by the fact that no change with temperature was obtained with 
some purified preparations. 

Such contaminating enzymes may be responsible for the effects described 
by Haas as due to proinvasins. It seems unnecessary to postulate a com- 
plex scheme for the explanation of these effects. 

Effect of pH and Salt Concentration on Activity of Serum—Studies on the 
effect of pH and salt concentration on the reaction between serum and 
hyaluronidase were made difficult by the high buffer capacity of serum. 
Marked inhibition of activity was found at an ionic strength above 0.2, 
while if the ionic strength was below 0.1, difficulty was encountered in 


reaction is apparently complete in 5 minutes, despite the fact that only | maint 
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maintaining a constant pH with different amounts of serum. If a 0.1 Mm 
borate buffer at pH 7.4 was used, this difficulty was circumvented. 

Table IV shows the variation in serum activity with variation of pH at 
constant ionic strength (u = 0.12). In general these results confirm those 
previously reported. 

The inhibition of the reaction by phosphate and sulfate ions has been 
confirmed. The effect of sulfate is of practical importance, since the pur- 
ification of hyaluronidase usually involves ammonium sulfate purification. 
Care must be taken to remove sulfates completely prior to use of hyaluroni- 
dase for determination of inhibition by serum. 


TaBLe IV 

Effect of pH on Activity of Serum 

pH 5.8 | pH 6.6 | pH 7.6 | pH 8.3 

Serum No. : —e oe : - 





Units per ml. serum 





0 | 53 | 58 | 50 
2 | 0 | 34 | 46 40 





TABLE V 
Variation of Serum Hyaluronidase Inhibitor with Age and Sex 
The results are expressed in units per ml. 


Males | Females 


eee errs errr oer } 0-15 | 16-30 | 31-45 | >45 | 46-30 | 31-45 
ee er tr re ee 7 | 32 8 7 10 1 ww 
wr GeterimRtions. .. ...0< 000s cece cate 17 | $3 11 12 . ae 26 
Mean.........20....s.0se0++e| 196.7 | 85.1 | 80.1 | 149:4 | 112.4 | 117.6 
Standard deviation............| 39.8 | 34.6 | 35.4 


58.6 42.6 | 32.8 





Chemical Properties 


Stability—As previously pointed out, the substance in blood which in- 
hibits hyaluronidase is quite unstable. At 50° the activity is completely 
destroyed in 10 minutes at pH 7.4. Even at 4° at this pH there is about 
25 per cent destruction in 48 hours. Some variation has been found in 
different sera, thus making it difficult to draw final conclusions as to the 
stability at lower temperatures. 

All sera tested were stable at —20°, some having been kept for as long 
as 6 months with no detectable loss of activity. 

Purification—The inhibitor is apparently of large molecular weight, 
since it does not dialyze. It can be separated from serum by Method 6 of 
Cohn et al. (18) and the activity can be quantitatively recovered in Frac- 
tions II and III. 
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All of the activity is found in the plasma. No difference between the 
activity of serum and plasma has been found. 


Distribution in Normal Human Serum 


Nothing is known regarding the distribution of this substance in normal 
or pathological states. Table V gives the results from a number of normal 
individuals divided by age and sex. By Fisher’s ¢ test it is found that males 
of reproductive age (15 to 45) have a significantly lower range than any 
other group studied. An insufficient number of female children or females 
over 45 years have so far been studied from which to draw definite con- 
clusions regarding these groups. The wide variations within the normal 
group remain to be explained. Preliminary evidence indicates that the 
inhibitor level in the serum of males is inversely related to the hyaluronidase 
concentration of semen. 


DISCUSSION 


There seems to be little question that there exists in the blood of a number 
of species of animals an inhibitor of the enzyme hyaluronidase. This sub- 
stance is apparently quite distinct from specific antibodies to particular 
hyaluronidases. The question of specificity of the inhibitor for particular 
hyaluronidases remains for future work, since a final answer can only be 
obtained when pure hyaluronidases are available. The work reported here 
has been concerned only with the reaction between bovine testicular 
hyaluronidase and human serum: 

The evidence presented in this paper lends no support to the thesis that 
the substance in blood is an enzyme. The findings are consistent with the 
idea that this substance is an inhibitor. McClean (3) has shown that a 
number of polysaccharides act as inhibitors of hyaluronidase, and the 
suggestion has been made that this substance in blood is a competitive 
inhibitor (8). Since present evidence indicates that the inhibitor in blood is 
protein in nature, it is unlikely that any of the carbohydrates used by 
McClean are responsible for the inhibition in serum. It is possible, how- 
ever, that it may have a polysaccharide prosthetic group which permits it 
to act as a competitive inhibitor. 

The significance of variations in distribution of this substance remains 
to be determined. The relationships to sex and age together with the 
known role of hyaluronidase in fertilization suggest that this enzyme sys- 
tem is probably under endocrine control. Elucidation of these mechanisms 


may serve to further our understanding of the mechanism of action of 
certain hormones. 
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le | SUMMARY 


1. A simple and rapid method has been devised for the estimation of 
hyaluronidase inhibitor in human blood. 
2. Kinetic studies on the inhibition of hyaluronidase of bovine testes in- 





al dicate that this substance is an inhibitor rather than an enzyme, as previ- 
al | ously claimed. 
eS 3. Chemical studies suggest that this substance is protein in nature. 
ly 4. Studies of blood levels in normal individuals show a lower level in 
es males of reproductive age than in other groups studied. 
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THE VITAMIN A CONTENT OF FETAL RATS FROM 
MOTHERS ON A HIGH CHOLESTEROL DIET* 
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(From the Harvard Medical School and the Massachusetts Eye and Ear 
Infirmary, Boston) 


(Received for publication, March 25, 1948) 


The concentration of vitamin A in fetal liver and plasma has been re- 
ported to be considerably lower than that found in maternal liver and 
plasma (1-5). Although various factors may contribute to this maternal- 
fetal difference, a placental mechanism which limits the movement of 
vitamin A to the fetus seems to be involved. Lund and Kimble (4) have 
suggested that the passage of vitamin A to the fetus may be related to, or 
limited by, the lipide metabolism of the placenta. More recently, it has 
been shown that the lipide concentration in the placenta influences the 
movement of maternal nutrients to the fetus (6). 

It seemed possible, therefore, that an alteration in the lipide metabolism 
of the placenta might affect the transplacental movement of vitamin A. 
For this reason, the réle of lipides in the placental transmission of vitamin 
A was studied, with the technique by which Popjak (6) had shown that 
the feeding of a high cholesterol diet will cause a large deposition of choles- 
terol esters and some excess of neutral fat over normal in the placenta. In 
the present experiments, an attempt was made to determine the effect of a 
high concentration of lipide in the placenta on the movement of vitamin A 
from the mother to the fetus.! 


EXPERIMENTAL 


In order to maintain the control and experimental animals at approxi- 
mately the same level of vitamin A nutrition, weanling female rats, to be 
used eventually as maternal animals, were kept on a vitamin A-free diet 
until the growth curve began to level off. From this time onward, small 


* This work was supported by agrant from the Foundation for Vision for the study 
of Retrolental Fibroplasia. 

1 The question of the transport of vitamin A across the placenta became of interest 
to us in connection with the study of congenital eyelesions. It has been shown that 
pregnant animals, severely deficient in vitamin A, will produce fetuses with mal- 
formations of the eye which resemble the fibroplasia found behind the lenses of some 
premature infants (7-9). However, the deficiency required in the experimental 
animals is so severe that the fetuses are usually resorbed and only rarely born alive 
(7,8). If the placental permeability could be depressed, the fetuses might be es- 
sentially deprived of vitamin A, while the maternal animals would still contain 
enough vitamin A to complete gestation successfully. 
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oral supplements of vitamin A were given until the animals reached a 
weight of about 200 gm.; they were then bred. The vitamin A supple- 
ments were continued until the end of the experiment. 

In Experiment I, the vitamin A supplements were begun about 6 weeks 
before breeding. A total of 325 1.u. of vitamin A was given in 63 days, 
2 days before mating, these rats were divided into two groups. The 
control group was continued on the basal diet; the experimental animals 
were fed a 2.5 per cent cholesterol diet, prepared by substituting repreci- 
pitated cholesterol (6) for an equal weight of sucrose in the basal diet. 
In Experiment II, the same procedure was followed, except that a total of 
95 1.U. of vitamin A was given in 50 days, and the rats were divided into a 
control group and one receiving 5 per cent cholesterol before breeding. 
Another experiment was attempted in which the maternal rats were fed 
an 8 per cent cholesterol diet. The animals on this diet resorbed their 
fetuses when gestation was about half completed. 

The basal diet consisted of 68 gm. of sucrose, 18 gm. of vitamin-test 
casein (Smaco), 10 gm. of corn oil, 4 gm. of salt mixture (10), 0.8 mg. of 
thiamine, 0.8 mg. of riboflavin, 0.8 mg. of pyridoxine, 1.0 mg. of calcium 
pantothenate, 10 mg. of nicotinamide, and 10 mg. of inositol. In addition, 
all the animals received a weekly supplement of 50 1.u. of vitamin Da, 
1.2 mg. of a-tocopherol, and 7.5 y of 2-methylnaphthoquinone. 

Shortly before the completion of gestation, blood samples were taken 
from the maternal rats by heart puncture. They were then killed and the 
fetuses removed from the uterus. Maternal liver samples were also taken. 
All the tissue samples, and the plasma obtained, were frozen at once and 
kept in the ice box (—4°) until they were analyzed for their vitamin A con- 
tent (usually 1 to 3 weeks). In Experiment I, two litters were obtained 
within 2 hours after birth. In no instance was milk found in the stomachs 
of the young. 

The plasma vitamin A was determined by the spectrophotometric 
micromethod of Bessey et al. (11). The whole fetuses, the liver samples, 
and a number of placentae were analyzed for their vitamin A content by 
the method previously used (12). The tissue samples were digested in 
5 to 10 volumes of alcholic potassium hydroxide (3.5 N in 60 per cent 
ethanol) on a hot water bath for 30 minutes, and then extracted with a 
1:1 mixture of xylene and kerosene. The absorption of the vitamin A in 
the extract was measured in a Beckman spectrophotometer, before and 
after ultraviolet irradiation, and compared with a standard curve of the 
absorption of known amounts of crystalline vitamin A alchohol, similarly 
treated. 

The placental fat was determined from an ether extraction of an acidified, 
alkaline hydrolysate of the tissue. Although only the fatty acids and the 
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non-saponifiable fractions of the total fat are measured by this procedure, 
it is adequate for comparative purposes. 


RESULTS AND DISCUSSION 


The ether-extractable lipide fraction from the hydrolyzed placental 
tissue showed markedly divergent values for the control and the cholesterol- 


TABLE I 
Distribution of Vitamin A in Maternal Rats 





i- No. of ma-' No. of | . ras Plasma vi-| Liver vi- 
aie. cone = fetal a Diet Weight | tamin A tamin A 

" TU. “| 1. 

gm. per cent | per gm. 

I 6 36 Control 245 | 86 | 19.1 

6 44 2.5% cholesterol diet 246 93 | 21.6 

Il 9 65 Control 192 45 | 6.6 

6 38 5% cholesterol diet 1944 | 41 | 6.9 





I.U. / LIVER 














, , 5 


1 2 3 4 5 
FETAL WEIGHT — GMS. 
Fic. 1. The effect of feeding a 2.5 per cent cholesterol diet to maternal rats on the 
vitamin A content of the fetal livers. Each point represents the average results 
from one litter. © control fetal livers, @ experimental fetal livers. 


4 
- 


fed rats. The control placentae contained an average of 1.85 per cent of 
ether-extractable material, while the placentae from the experimental 
rats contained 4.53 per cent on the basis of fresh tissue. 

The distribution of vitamin A in the maternal animals is shown in Table 
I. It can be seen that the control and the corresponding experimental 
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maternal animals contained approximately the same amount. of vitamin 
A. Presumably, both groups in each experiment could supply their 
fetuses with about the same amount of vitamin A, and therefore the differ- 
ences in the vitamin A content of the fetuses can be attributed to a differ. 
ence in vitamin A transmission through the placentae. 





I.U. / FETUS 


VITAMIN A 














FETAL WEIGHT — GMS. 

Fic. 2. The effect of feeding a 5 per cent cholesterol diet to maternal rats on the 
vitamin A content of the fetuses. A fetuses from mothers on a normal stock diet, O 
fetuses from control rats, and @ experimental fetuses. The points on the graph 
shown with a | have been computed from the analyses of fetal livers. 


In Experiment I, the control fetal livers contained about 50 per cent 
more vitamin A per gm. than was found in the livers of the fetuses from 
the cholesterol-fed mothers. The vitamin A content of the fetal livers 
as a function of fetal weight is presented in Fig. 1. A comparison of the 
results indicates that vitamin A accumulates more rapidly in the control 
fetal livers. 

Fig. 2 shows the results of the analyses of whole fetuses obtained in 
Experiment II. For comparison, the vitamin A content of whole fetuses 
from mothers who were kept on a normal stock diet is included. The 
fetuses from the cholesterol-fed mothers contained significantly less vitamin 
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A than those from the control mothers. Four of the values plotted in 
Fig. 2 were computed from the analyses of fetal livers. 

Okey (13, 14) has indicated that large amounts of fat and cholesterol 
are deposited in the livers of cholesterol-fed guinea pigs. The livers of 
the cholesterol-fed maternal rats in our experiments showed the typical 
light color associated with fatty deposits in the liver. The control maternal 
livers appeared to be normal. There was no grossly observable difference 
in the fetal livers from the control or experimental animals. 

Because of the low vitamin A content, and the small amount of tissue 
available, the results of the vitamin A analyses of the placentae were not 
considered highly reliable. However, there was no appreciable difference 
in the range of values for the control and the experimental placentae. 

The preceding data demonstrate that an inverse relationship exists 
between the lipide content of the placenta and the movement of vitamin 
A across it. It has been reported that vitamin A in the plasma does not 
behave as if it were either in a colloidal state or dissolved in a fatty solute, 
but seems to be associated with some plasma protein in a “carrier complex” 
(15, 16). The excess placental lipide may then depress the transplacental 
movement of vitamin A either by blocking a mechanism for splitting the 
“carrier complex” or by decreasing the already low permeability of the 
placenta to large molecules. 


I wish to express my thanks to Miss Muriel Appel for technical assistance 
in the prosecution of this study. 


SUMMARY 


1. Two groups of female rats were brought to approximately the same 
nutritional level with respect to vitamin A. The control group was fed a 
basal diet; the other rats were fed the same diet with either 2.5 per cent or 
5 per cent of cholesterol added. The animals were mated. Shortly before 
parturition, the maternal animals were killed and vitamin A was deter- 
mined in the fetuses, fetal livers, and maternal livers and plasma. 

2. The placentae of the cholesterol-fed mothers were found to contain 
about twice as much lipide as those from control mothers. 

3. The whole fetuses and the fetal livers from the cholesterol-fed mothers 
contained significantly less vitamin A than those from the control mothers. 
It is concluded that the fatty placentae inhibit the movement of vitamin 
A from the maternal circulation.to the fetus. 
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THE UTILIZATION OF pv-TYROSINE FOR GROWTH IN 
THE RAT* 


49 
By EDWARD C. BUBL anv JOSEPH 8. BUTTS 
7 (From the Biochemical Laboratory of the Department of Chemistry, Oregon 
OF State College, Corvallis) 
(Received for publication, February 16, 1948) 
66, 


The conversion of phenylalanine to tyrosine in the animal body has been 
established by the growth experiments of Womack and Rose (1) and the 
isotopic studies of Moss and Schoenheimer (2). However, the reversibility 
39, | of this reaction probably does not occur. 

Tyrosine, usually considered as a non-essential amino acid for the growth 
of the white rat, has been shown by Womack and Rose (3) to be able to 
replace about one-half of the phenylalanine requirement of the growing 
rat. This indicates that phenylalanine may be converted to meet certain 
demands of the organism for tyrosine, since this requirement can be met 
equally well by either phenylalanine or tyrosine. 

Both enantiomorphs of the amino acid can be utilized for growth in the 
rat in the case of tryptophan (4), phenylalanine (5), methionine (6), and 
histidine (7), while the unnatural isomer fails to show growth responses in 
the case of valine, leucine, isoleucine (8), threonine (9), and lysine (10). 
Since tyrosine is non-essential in the presence of sufficient phenylalanine, 
the growth effect of b-tyrosine has never been established. The 
observations of Womack and Rose (3) now make it possible to determine the 
availability of p-tyrosine for growth in the rat. 

Using human subjects, Albanese, frby, and Lein (11), employing an ex- 
cretion technique, report that sufficient tyrosine and aliphatic organic acids 
are found in the urine, following the ingestion of 0.01 mole of p-tyrosine, 
to account for nearly all of the p isomer in the racemic mixture. The con- 
clusion drawn from the data is that the p isomer is poorly or totally un- 
available for normal physiological functions in man. This is further sub- 
stantiated by the very slight excretion of tyrosine and organic acids when 
0.01 mole of t-tyrosine is fed. However, there is no direct evidence 


* The data in this paper are taken from a thesis presented by Edward C,. Bubl to 
the Faculty of the Graduate School of Oregon State College in partial fulfilment of 
the degree of Doctor of Philosophy. 

Published with the approval of the Monographs Publication Committee, Oregon 
State College. Research paper No. 122, School of Science, Department of Chemistry. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for a generous 
supply of the amino acids used in this study. 
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presented which would identify the urinary tyrosine as coming from the 


D component. 


The following study was undertaken to determine the growth responses 
to p-tyrosine when fed to rats in an amino acid mixture with suboptimal 


amounts of phenylalanine. 


TABLE [ 





MINE fea 5, oS «len 
I ogo scss s4,6. 
Isoleucine......... 
+” ae 
Methionine. . 
Threonine.......... 
MN Voisin se iid warseene be 
Aspartic acid....... 

Glutamic “ ys <n 
Lysine monohydrochloride. . 
PO ee, og i Sse 
Histidine monohydrochloride. . 
Se oe ens eee ; 
Sodium bicarbonate........ 


Tyrosine. 
Phenylalanine 


* Denotes racemic acid. 


EXPERIMENTAL 


Three litters of Evans-Long strain rats were used in this study. 
were distributed as evenly as possible with respect to weights, litters, and 
sex. At 28 days of age the animals were placed in individual cages and 
were allowed water and the experimental diet ad libitum. 


recorded daily. 


The basal diet and the vitamin supplements were made up according to 


Composition of Amino Acid Mixture 
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Weights were 


Borman et al. (12), with the exception that biotin was omitted. 


felt that the liver extract would supply this requirement or at least that 
this would not be a limiting factor in a 28 day experiment. 


The animals 
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were fed daily by placing a weighed amount of food in the containers. The 
food thus measured was always in excess of what might be eaten. The 
food intakes were calculated by difference after careful collection of any 
spillage. 

The amino acid mixture was prepared from crystalline amino acids, 
some of which were either synthesized or isolated in our laboratory, while 


TaBLE II 
Experiments Showing Weight Gain with Phenylalanine and Tyrosine Added to Diet 














Litter No. yon fe Total gain in weight | pe | Amino acid supplements 
| | | 
gm. gm. 

6 | 34 9 45 182 | 
6 35 9 42 167 
6 | 39? | 26 170 | 0.5% pu-phenylalanine 
7 | SX | 47 188 | 0.5% pu-tyrosine 
8 | & rt | 4 216 | 
8 | 8& oq | 53 (42.6)* 223 
6 | 37 Q | 46 177 
6 | 8e¢ 47 199 0.5% pu-phenylalanine 
6 39 43 188 0.5% u-tyrosine 
7 85 9 32 (42.0)* 196 
7 | 81 o 57 | 238 
7 82 o 25 202 0.5% pu-phenylalanine 
7 83 9 39 216 | 0.5% p-tyrosine 
7 84 9 59 (45.0)* 232 
6 40 7 24 194 | 0.5% vu-phenylalanine 
6 41 of 36 (30.0)* | 178 | 0.25% u-tyrosine 
6 42 Q Died after 2 wks. | | 0.25% pu-alanine 
* Average for group. 


some were from commercial sources. In every case these compounds gave 
excellent analytical values, indicating a high degree of purity. 

The amino acid mixture was patterned after Borman ef al. (12), except 
that phenylalanine and tyrosine were omitted and arginine was added. 
Due to the difficulty of obtaining a satisfactory sample of hydroxyproline, 
this amino acid was omitted. Since this is probably a dispensable amino 
acid (13), it was felt that this omission was not critical. The alanine 
content was increased slightly to compensate for any lowered nitrogen con- 
tent. 

The pL-tyrosine was prepared by racemization of L-tyrosine, according 
to the method of du Vigneaud and Meyer (14). 
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Analysis—C 9H ;,03;N 
Calculated. N (Kjeldahl) 7.73, N (Van Slyke) 7.73 
Found. a ” Hee es re 
lalp = 0.00° (4% tyrosine in 4% HCl) 





0.6% D TYROSINE 
1O00F 


mimenememe 005% L TYROSINE } 


‘cots aspacaas 0.5% DL TYROSINE 






90+ cawwhcevees 0e25% L TYROSINE 
225% DL ALANINE 

ARROWS INDICATE POINT AT WHICH 

TYROSINE WAS WITHDRAWN FROM DIET. 
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Fic. 1. Growth response of 28 day-old rats to a basal diet containing 0.5 per cent 
phenylalanine supplemented with pi- or pL-tyrosine, 


} 


The pL-tyrosine was resolved with brucine, as reported by Sealock (15). 
The p isomer gave the following analytical values: 
Analysis—C,H,,0;N 
Calculated. N (Kjeldahl) 7.73, N (Van Slyke) 7.73, C 59.66, H 6.12 
Found. ve sh tao; * ce ace balks 10002, * 6.16 
lalp = +9.5° (4% tyrosine in 1.0 n HCl) 


DISCUSSION 


The demonstration by Womack and Rose (3) that L-tyrosine stimulates 
growth when phenylalanine is furnished in suboptimal amounts makes 
available a method for testing the nutritional availability of the unnatural 
isomer of tyrosine. These workers have shown that 0.4 per cent DI- 
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phenylalanine, when added to the purified amino acid mixture, did not 
allow the animals to grow at a good rate; however, upon the inclusion of 
increasing levels of L-tyrosine the growth was improved. The addition 
of 0.5 per cent L-tyrosine seemed to give the best growth. 

In Table II the weight gain of rats receiving 0.5 per cent of phenylalanine 
and an additional 0.5 per cent of either p-, L-, or DL-tyrosine is shown. It 
will be seen that feeding the L isomer confirms very beautifully the report 
of Womack and Rose (3). Also, there is no significant difference in weight 
gain when like amounts of D- or DL-tyrosine are substituted. In a second 
series of experiments in which the L-tyrosine was lowered to 0.25 per cent, 
the growth of two rats was markedly inferior, while the third died at the 
end of 2 weeks. It might be pointed out that at this level the L-tyrosine 
in the mixture would be the same as in the diet containing 0.5 per cent 
pL-tyrosine. If the p isomer had no retarding effect and were not available 
for growth, the response in each of these experiments should be equal. 
This is not so, since the growth was superior on the pL-tyrosine diet, thus 
giving a strong support to the idea that the D isomer is nutritionally avail- 
able. ‘This, of course, is also indicated by the experiments when p-tyro- 
sine, devoid of any of the L component, is fed. 

Fig. 1 shows the effect of withdrawing the 0.5 per cent tyrosine, but 
allowing 0.5 per cent phenylalanine to remain in the diet. One rat from 
each group was continued for the 6 day period. In all three experiments 
the response was the same; namely, the loss of 10 to 13 gm. during a 6 
day period. 


_We wish to express our appreciation to Mr. 8. C. Fang for some of the 
combustion analyses reported in this paper. 


SUMMARY 


1. When suboptimal amounts of phenylalanine are incorporated in an 
amino acid mixture otherwise adequate for the white rat, the additional 
requirement is met equally well with pb-, L-, or DL-tyrosine. 

2. If one may conclude from the indirect evidence (11) that the human 
is unable to utilize p-tyrosine, then there must exist a species difference in 
the use of this enantiomorph. 
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THE OXIDATIVE DEMETHYLATION OF MONOMETHYL-t- 
AMINO ACIDS 


By KUO-HUANG LING ano TA-CHENG TUNG* 


(From the Department of Biochemistry, College of Medicine, National Taiwan 
University, Taipei, Formosa, China) 


(Received for publication, March 9, 1948) 


Handler, Bernheim, and Klein (1) have shown that the oxidation of the 
N-methyl derivatives of pi-methionine, pi-leucine, pu-alanine, and DL- 
histidine by rat liver and kidney preparations is due to the presence of 
p-amino acid oxidase, and that the N-methyl derivatives of pi-phenyl- 
alanine, DL-tryptophan, and pi-valine are not oxidized by these prepa- 
rations. 

Blanchard, Green, Nocito, and Ratner (2) have found that L-amino acid 
oxidase obtained from rat kidney and liver catalyze the oxidation of the 
N-methylamino acids, viz. those of u-leucine, methionine, homocysteine, 
and S-benzylhomocysteine, to their corresponding keto acids and methyl- 
amine. 

Ratner, Nocito, and Green (3) have reported that glycine oxidase, which 
has been found in the liver or kidney of animals, catalyzes the aerobic oxi- 
dation of sarcosine to glyoxylic acid and methylamine. 

Although these oxidations of N-monomethylamino acids are all oxi- 
dative demethylaminations, Handler, Bernheim, and Klein (4) have pre- 
sented further evidence of the direct demethylation of sarcosine. Sarco- 
sine oxidase which was found in rat, rabbit, and guinea pig livers oxidatively 
demethylates sarcosine to glycine and formaldehyde. 

During the course of our investigations of the metabolism of N-methyl 
derivatives of amino acids, it has been demonstrated that the broken cell 
preparations of the kidney and liver of the rabbit, guinea pig, pigeon, and 
hen oxidize the N-methyl-.-tryptophan, obtained from Abrus precatorius, 
to L-tryptophan and formaldehyde by the direct demethylation which was 
due to the presence of demethylase (5). Furthermore it has been shown 
that demethylase is a flavoprotein (6) which can be resolved into a 
protein and adenine-flavin-dinucleotide. Recently, in the course of our 
studies on the specificity of demethylase, it was evident that demethylase 
can also demethylate other N-monomethyl-t-amino acids, which have 
been tested, to their corresponding amino acids and formaldehyde and can- 
not oxidize N-monomethyl-p-amino acids and N-dimethylamino acids. 

Some of the results are given in Table I. 


* The former name was Tai-sei To or Tatuo Yosida. 
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Odd DEMETHYLATION OF AMINO ACIDS 


Both sarcosine oxidase and demethylase are completely analogous jn 
their action on a-methylamino acids, but they are unquestionably differ. 
ent enzymes. 


TABLE | 
Specificity of Demethylase* 


Substrate Garg, Formally 
c.mm. mg, 

N-Methyl-L-tryptophan . - 81 0.187 
N-Methyl-p-tryptophan..... " 0 0) 
p-Tryptophan ay a ' 0) 0 

O, N-Dimethyl-pL- tyrosine. om 65 0.162 
O,N-Dimethyl-p-tyrosine............ 0) 0 
N-Methyl-p1-tyrosine 58 0.124 
L-Tyrosine...... 0 0) 

N- Methylvanillyl- DL- alanine. of : 48 0.110 
N-Methyldihydroxyphenyl-pt-alanine 53 0.121 
N-Methyl-pi-phenylalanine 52 0.123 
N-Methyl-p-phenylalanine............ 0 0 
pui-Phenylalanine 0 0) 
Na-Methyl-pt-histidine..... re 60 0.139 
L-Histidine. ........ sien te 0 0) 
N-Methyl-.t-leucine ; 24 0) .058 
L-Leucine — sar cn TERE ES : 0 0 
N-Methyl-pi alanine 12 0.025 
Sarcosine........ 0 0 

N- Dimethyl- -p- smathvouy nie phenylalanine. rey 0 0 
N-Dimethyl-pL- ditaceimndsaa ae eon 0 0 


* The enzyme was prepared as follows. The rabbit kidney was desiccated with 
acetone. 2 gm. of the kidney powder were suspended in 40 ec. of 0.9 per cent NaCl 
and the mixture was filtered. The filtrate was treated with 0.8 cc. of 10 per cent 
basic lead acetate. The supernatant fluid was then precipitated twice with the same 
volume of saturated ammonium sulfate of pH 6.8. The precipitate was resuspended 
in 10 ce. of 0.9 per cent NaCl and the supernatant fluid was used as the enzyme. 





| 


+ Oxygen uptakes were measured manometrically in the Warburg apparatus. | 


The manometer cup contained 0.5 cc. of enzyme, 1 cc. of 0.02 m N-methylamino 
acid, and 2 ec. of m/15 phosphate buffer of pH 7.1 (38°, 60 minutes). 

t Formaldehyde was estimated colorimetrically by a modification of the pheny! 
hydrazine-ferric chloride test. 


SUMMARY 


Production of formaldehyde by oxidative demethylation of N-mono- 
methyl-L-amino acids by demethylase appears to be a general reaction. 
N-Dimethyl-1-amino acids and N-methylated p-amino acids yield no 
formaldehyde under the influence of demethylase. 
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ISOLATION OF THE UNIDENTIFIED GROWTH FACTOR 
(VITAMIN By) IN DISTILLERS’ DRIED SOLUBLES* 


By A. F. NOVAKt ann 8S. M. HAUGE 


(From the Department of Agricultural Chemistry, Purdue University Agricultural 
Experiment Station, Lafayette) 


(Received for publication, March 20, 1948) 


Recent investigations have shown that distillers’ dried solubles contain 
a factor or factors which are necessary for the growth of chicks (1) and 
rats (2). This factor is distinct from vitamin A, vitamin D, thiamine, 
riboflavin, inositol, nicotinic acid, pantothenic acid, p-aminobenzoic acid, 
choline, pyridoxine, biotin, folic acid, or 2-methylnaphthoquinone. 

A procedure has been developed for the isolation of this unidentified 
growth factor in a highly concentrated condition. This method is based 
upon physical and chemical characteristics of the active principles which 
were discovered during the fractionation studies (2). 


EXPERIMENTAL 


A method was developed for the isolation of the unidentified growth 
factor in distillers’ dried solubles, which involved the following essential 
procedures: extraction of distillers’ dried solubles with acidified water, re- 
moval of proteins, differential chromatographic adsorption of impurities, 
\ precipitation, and the separation of the active principle with an immiscible 
solvent. The activity of the various fractions was determined by the rat 
growth method previously described (2). 

Distillers’ dried solubles were extracted with 3 liters of 0.1 N HCl per 
kilo of solubles by autoclaving for 30 minutes at 120°. This preparation 
was cooled, adjusted to pH 6.5, and filtered. The residue was reextracted 
, twice, after which it was washed with distilled water by stirring and again 
filtered. The combined filtrates were concentrated under reduced pressure 
to the equivalent of approximately 200 ml. per kilo of original material and 
adjusted to pH 3.5. 

To precipitate protein and other inert material, this concentrate was 
poured into 3 volumes of ethanol, stirred for several minutes, allowed to 
, stand overnight, and filtered. Under these conditions, factor 5 (3) should 


* Journal Paper No. 343 of the Purdue University Agricultural Experiment Sta- 
tion. This investigation was supported in part by a grant from Joseph E. Seagram 
and Sons, Inc., Louisville, Kentucky. 

t Present address, Department of Chemistry, University of Florida, Gainsville, 
Florida. 
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648 ISOLATION OF UNIDENTIFIED GROWTH FACTOR 


have been removed. The filtrate was adjusted to pH 7, stirred, allowed 
to stand overnight, and again filtered. This procedure is reported to re- 
move factor R (3). 

The filtrate was slightly acidified with hydrochloric acid, concentrated 
under reduced pressure to about 150 ml. per kilo of original material, and 
adjusted to pH 6.5. This solution was filtered through a column (4 cm. X 
10 em.) of fullers’ earth! diluted with Celite (1:1) which removed some im- 
purities without adsorbing the active principle (2). 

The filtrate was concentrated under diminished pressure to about 100 
ml. per kilo of the original solubles. After adjusting the solution to a 
hydrochloric acid content of 3.5 per cent, sufficient solution of phospho- 
tungstic acid (30 gm. per 100 ml. of 3.5 per cent HCl) was added for com- 
plete precipitation. The contents of the flask were heated to dissolve 
most of the precipitate, cooled, and placed in the refrigerator for 48 hours. 
The cold solution was filtered through a cold Biichner funnel with a hard- 
ened filter paper (Whatman No. 50). The precipitate was washed several 
times with a cold solution containing 2.5 per cent phosphotungstic acid, 
and 3.5 per cent hydrochloric acid. The filtrate was found to be biolog- 
ically inactive, and was discarded. 

The precipitate was dissolved in a slightly alkaline solution of sodium 
hydroxide, and the phosphotungstic acid precipitated with barium chloride. 
The barium phosphotungstate was removed by filtration, and washed with 
hot water. 

After concentration, the aqueous solution was extracted repeatedly with 
chloroform in a separatory funnel. The combined chloroform extracts 
were concentrated to dryness under reduced pressure. A yellow-orange 
non-crystalline residue remained. This material was found to be readily 
soluble in water, acetone, ethanol, ethyl ether, chloroform, and benzene. 
When this material was dissolved in water at a concentration of 100 y per 
ml., it appeared practically colorless and showed fluorescence under an 
ultraviolet lamp. 

To determine its biological activity, this material was added to the basal 
ration at approximately 250 y per 100 gm. of ration and tested with rats 
as previously described. A good growth response was obtained (Table I). 

Since the aqueous solution was almost colorless, its spectral absorption 
characteristics were studied. A Beckman spectrophotometer, equipped 
with a hydrogen are and quartz cells, was used at wave-lengths between 
2400 and 4000 A. To determine whether the absorption curve bore any 
relation to the active component from distillers’ solubles, concentrates were 
prepared from other active materials and their spectral characteristics were 

compared (Fig. 1). Concentrates prepared from rice polishings concentrate 
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Taste [ 
Biological Tests for Presence of Growth Factor 








Concentrates added to basal ration* Average ee (8 rats 
gm. 
None.... : Ce ele et: See See oan ee 17.2 
Distillers’ solubles (Seagram) i eh: ir ap a See ee 29.8 
levewexteaet Clty) fo ecis . csc. Os ey ar ee 27.8 


iS erie sis ot atta 28.0 


Rice polishings (Labco).. 


*In amounts equivalent to approximately 10 per cent of the original material. 
; | Least significant difference, 5 per cent level 2.5 gm., 1 per cent level 3.4 gm. 
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Fic. 1. A comparison of the absorption spectra of the isolated concentrates from 
, distillers’ dried solubles, rice polishings concentrate (Labeo), and liver extract 
Lilly). 


Labco) and liver extract (Lilly) were diluted so that at the maximum of 
2820 A they gave densities slightly less than that obtained with the prepa- 
ration from the distillers’ solubles. The biological activities of these con- 
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650 ISOLATION OF UNIDENTIFIED GROWTH FACTOR 


centrates (Table I) established a parallelism between the characteristic 
curves and activity. 

After it was found that maximum growth response was produced with 
250 y of the isolated material from solubles per 100 gm. of the ration, a 
biological assay was performed to determine the minimum quantity nec- 
essary for a definite growth response and the amount required for a maxi- 
mum biological response. 

The biological assay was performed with 50 rats, equally divided accord- 
ing to sex. Instead of incorporating the factor into the ration, it was fed 
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DAILY SUPPLEMENT IN MICROGRAMS 


Fic. 2. The growth response of rats fed the basal ration and daily supplements 
of the unidentified factor. 


as a daily supplement. In a preliminary assay, it was found that levels of 
10, 20, 30, and 40 y per day were equally effective in stimulating growth. 
This indicated that the effective dose was below 10 y per day. Therefore 
levels of 0, 2, 4, 6, and 10 y per day were fed. Ten rats were fed at each 
level. The growth response curve is given in Fig. 2. The maximum bio- 
logical effect was obtained with 10 y of the factor per day. Definite growth 
stimulation was obtained with 2 y per day. 

Since the characteristic absorption spectra of the concentrates from the 
three different sources were practically identical, exhibiting a maximum 
at 2820 A, and inasmuch as they were biologically active, it is apparent 
that the isolation of the unidentified growth factor in a high state of purity 
has been accomplished. 


DISCUSSION 


Although previous experiments (1, 2) gave strong evidence for the exist- 
ence of an unidentified growth factor in distillers’ dried solubles which was 
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distinct from the known vitamins and postulated factors, these experiments 
offer proof that the observed growth responses were due to a definite sub- 
stance which has been isolated in a state of relatively high purity. This 
is substantiated by its characteristic absorption spectrum and by its high 
biological activity. Since the potency of this product is comparable to 
that of a number of vitamins, it appears logical to class this factor with 
the other vitamins of the B complex. It is tentatively called vitamin B,;. 

A number of properties are now known. It is stable to heat, acid, and 
alkali. It is soluble in water, acetone, chloroform, ethanol, ethyl ether, 
and benzene. It is precipitated by phosphotungstic acid and lead acetate. 
It is not adsorbed on fullers’ earth or Darco but is adsorbed from acid solu- 
tion on Florisil, Lloyd’s reagent, norit, and Decalso. Its absorption spec- 
trum exhibits a maximum at 2820 A. 

The solubility of this factor in chloroform as well as ether adds further 
evidence that it is not the cow manure factor (4). It is possible that it 
may be similar to one of the fractions obtained from liver extract by Barton- 
Wright et al. (5). They obtained a fraction by the extraction of an aqueous 
solution with chloroform, which stimulated growth of Lactobacillus helveti- 
cus and Streptococcus lactis. No tests were reported with animals. 


SUMMARY 


A new growth factor for rats, tentatively called vitamin B,;, has been 
obtained from distillers’ dried solubles, rice polishings concentrate, and 
liver extract in a non-crystalline but highly purified state. 2 y of this 
substance give definite growth stimulation and 10 y per day give the maxi- 
mum effect. 

Spectral absorption curves showing a maximum at 2820 A were obtained 
with concentrates of high potency from each of the three materials, dis- 
tillers’ dried solubles (Seagram), rice polishings concentrate (Labco), and 
liver extract (Lilly). 

The procedure for isolation involves extraction with 0.1 nN hydrochloric 
acid, precipitation of protein and other inert material with ethanol, chroma- 
tographic adsorption of impurities on fullers’ earth, precipitation of the 


active factor with phosphotungstic acid, and separation by chloroform ex- 
traction. 
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THE COMBINATION OF ORGANIC ANIONS WITH SERUM 
ALBUMIN 


VI. QUANTITATIVE STUDIES BY EQUILIBRIUM DIALYSIS 


By J. D. TERESI anp J. MURRAY LUCK 


(From the Biochemical Laboratory, Department of Chemistry, Stanford University, 
California) 


(Received for publication, February 2, 1948) 


Electrophoretic studies have shown that a combination occurs between 
serum albumin and lower fatty acids (1), synthetic detergents (2-4), and 
certain buffer anions (5-10). In addition, serum albumin has been shown 
to combine with phenol red (11, 12), sulfonamides (13, 14), penicillin 
(15), and calcium ion (16). Quantitative studies on the serum albumin 
combination with lower fatty acids have been attempted earlier in this 
laboratory by ultrafiltration (17). 

The combination of methyl orange and an azo dye with serum albumin 
has been investigated by the dialysis-equilibrium technique by Klotz et 
al. (18). 

The results of further dialysis-equilibrium studies on the nature and 
extent of the combination of serum albumin with some aromatic carboxy]l- 
ates and nitrophenolates are reported in the present paper. 


EXPERIMENTAL 


Protein Solutions—Crystalline bovine serum albumin was used in all 
cases with one exception: an amorphous albumin was used in the experi- 
ments with the phenyl butyrate anion. These albumin preparations were 
obtained from the Armour Laboratories through the courtesy of Dr. J. D. 
Porsche. 

The stock protein solutions were prepared by either of the two follow- 
ing methods: (a) a quantity of albumin was dissolved in water with the 
aid of a vacuum, as described by Duggan and Luck (19), to give approxi- 
mately a 20 per cent solution by weight; (b) a sufficient quantity of albumin 
was dissolved in water to give approximately a 2 per cent solution by weight. 

The exact concentration was obtained by a dry weight determination 
on a sample of the solution dried at 110° for 24 hours. 

Solutions of buffered protein of desired concentration (usually about 
().2 per cent) were prepared by diluting portions of the concentrated stock 
solution with phosphate buffer. The ionic strength of the buffer was 0.2 
at pH 7.6 and 0.22 at pH 8.2. 

The sodium salts of the compounds reported in this paper were prepared 
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from the corresponding acids by neutralization with sodium hydroxide. 
Solutions of these salts, 0.3 or 0.5 mM, were diluted with phosphate buffer to 
concentrations ranging from 5 X 10m to 100 K 107M. 
Dialysis—Commercial sausage casing was used in the preparation of 
cellophane bags for dialysis. In some cases, the bags were boiled three 
times for $ hour and rinsed with distilled water after each boiling period. 


TABLE I 


Dialysis Equilibrium between Bovine Serum Albumin and Phenyl Butyrate Anion 











| Molarity of | |Moles bound A™| i | 1 
Tube No. | anion outside Bound A~ Moles Pr* | - Free A~ — 
of bag a r A 
X 108 moles X 108 | moles X 107 xX 10-8 
1 14.5 25.5 1.76 0.57 21.75 0.46 
laf 16.2 
2 17.0 30 2.07 0.483 25.5 0.392 
2a 19.0 
3 27.8 St 3.72 0.269 41.7 0.24 
3a 31.4 
4 34.3 55.5 3.82 0.262 51.4 0.194 
4a, 38.0 
5 41.2 66 4.55 0.22 61.8 0.162 
5a 45.6 
6 48 75 5.17 0.194 72 0.139 
6a 53 
7 70 90 6.20 0.161 105 0.095 
7a 76 























Volume of anion placed outside of bag, 10 ml.; volume of albumin placed inside 
of bag, 5 ml. 
* The number of moles of protein was calculated on the assumption that the mo- 
lecular weight of serum albumin is 70,000. 5 ml. are equivalent to 1.45 X 10-7 mole. 
{The control series, designated ‘‘a,’’ contained 5 ml. of buffer only inside of the 
bag. 


This procedure was found necessary when the spectrophotometric analysis 
of the anion involved the ultraviolet region. 

Cellophane bags containing 5 ml. of 0.2 per cent buffered protein solu- 
tion were immersed in 10 ml. of each anion solution contained in a suitable 
bottle. Controls containing buffer only inside the bag were prepared in 
the same manner for each concentration of anion. The bottles were placed 
in a cold room at 1° for 3 days (an interval sufficient to insure equilibrium). 
The bags were then removed and the external solutions were analyzed 
spectrophotometrically for the anion. The results of a typical dialysis 
experiment are shown in Table I. 
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RESULTS AND DISCUSSION 


The treatment of the data obtained was similar to that applied to methyl 
orange and an azo dye by Klotz et al. (18). 
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Fig. 1. The binding of sodium phenoxyacetate (Curve I), sodium phenyl acetate 
(Curve II), sodium phenyl butyrate (Curve III), and sodium cinnamate (Curve IV) 
with bovine serum albumin at pH 7.6 and ionic strength 0.2. 

Fic. 2. Bovine serum albumin-sodium hippurate at pH 7.6 and ionic strength 0.2. 








The successive protein-anion equilibria may be represented by a series 
of equations shown below. 
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PAg1 + A= PAs 


P represents a molecule of free protein and A a molecule of organic anion; 
n represents the maximum possible number of bound anions per protein 
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molecule. The classical equilibrium constants are given by the relations 
shown on the right (above). 

It may also be shown that the ratio r, moles of bound anion to the total 
moles of protein, is given by the equation 


ky(A) + 2kyke(A)? +++ + n(ky he: ++ hn) CA)” 
r= —— - -- 
1 + ky(A) + hy ke(A)2 «++ + (hy kee kn) CA)" 


(1) 
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Fig. 3. Bovine serum albumin-sodium o-nitrophenolate at pH 7.6 and ionic 
atrength 0.2. The broken line represents the average of the experimental curves. 

Fic. 4. Bovine serum albumin-sodium o0-nitrophenolate at pH 8.2 and ionic 
strength 0.22. The average curve is shown by the dotted line. 


This involved expression may be simplified in cases of negligible electro- 
static repulsion between bound and free anion. For this situation 





ks = aa <a kd (2) 
1 K 
it 
ky — K (3) 


K is a constant which depends on the nature of the anion as well as on the 
character of the protein, and hence must be determined experimentally. 
It can be shown that when statistical effects are predominant and the 
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equilibrium constants are given by equation (2) the relation for r in equa- 


tion (1) may be reduced to a linear form. 
I Ez? 1 
rer ae ‘) 


Thus, if a straight line results when 1/r is plotted against 1/(A-), statis- 
tical factors predominate. All cases reported in this paper followed this 























? 
0.4- 
x I 
I 
0.3i- 
| L | | | | | l | | ] 
4 ra) {2 16 20 e 4 6 8 10 l2 
Vs xio? UK xiod 
Fira. 5 Fia. 6 


Fic. 5. Bovine serum albumin-sodium p-nitrophenolate (Curve 1) and bovine 
serum ablumin-sodium m-nitrophenolate (Curve II) at pH 7.6 and ionic strength 0.2. 
Fie. 6. Bovine serum albumin-sodium p-nitrophenolate (Curve I) and bovine 
serum albumin-sodium m-nitrophenolate (Curve IL) at pH 8.2 and ionic strength 0.22. 


straight line relation, as is shown in Figs. 1 to 8. The curves are drawn to 
give emphasis to the points of greatest accuracy (high anion concentration 
or low 1/(A~) values). 

The intercept when 1/(A~) is zero gives the value for n. The values 
k,, K, and AF, were calculated from the foregoing equations for the anions 
shown in Table II. The results indicate that the length as well as the type 
of side chain affects the extent and the strength of the binding. An in- 
crease in the number of carbon atoms in the chain gave an increase in 
AF;. An increase in the chain length by addition of an oxygen atom or a 
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peptide group caused an increase in the AF; value but caused a decrease in 
the extent of binding as shown by the values for n. 

It is interesting to note that results obtained in the study of stabilization 
against urea denaturation of albumin showed that phenyl butyrate and 
cinnamate were good stabilizers and that the others listed in Table II 
were comparatively poor (19). The introduction of polar groups in the 
side chain of the aromatic carboxylates decreased the stabilizing effect of 
the compound. This is in accord with the decreased value for n obtained 
in the dialysis-equilibrium studies. The increase in the energy of the 
binding of cinnamate, phenyl butyrate, phenoxyacetate, and hippurate 
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Fic. 7. Bovine serum albumin-sodium 2,4-dinitrophenolate at pH 8.2 and ionic 
strength 0.22 (Curve I). Curve II represents the same system at pH 7.6 and ionic 
strength 0.2. 

Fig. 8. Bovine serum albumin-sodium picrate at pH 8.2 and ionic strength 0.22 
(Curve I). Curve II represents the same system at pH 7.6 and ionic strength 0.2. 


over the binding energy of phenyl acetate cannot be explained simply by 
the contribution due to van der Waals’ forces. 

In recent papers (20-22), the ability to stabilize albumin was attributed 
to the presence of a non-polar radical in the molecule. It was later found 
that picrate, trichloroacetate, and dichlorophenolate are good stabilizers 
against urea denaturation (19). These findings aroused interest in the 
application of dialysis-equilibrium measurements to some nitrophenols, 
including picrate. 

The values for the various constants, calculated as above, are presented 
in Table III. Compounds containing a nitro group in the ortho position 
exhibit a value for n of 6 as compared to 22 to 25 for the other compounds. 
The low value for the ortho-substituted compounds cannot be explained 
without knowledge of the protein groups involved in the binding and the 
arrangement of these active groups in the molecule. 
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The energy of the binding of the first picrate and of the first 2 ,4-dinitro- 
phenolate anion is 8900 calories per mole at pH 7.6. The energy at pH 
7.6 for the mononitro compounds ranges from 7150 to 7850 calories per 
mole. The energy increases with increase in pH in the cases of m-nitro- 
and p-nitrophenolate, but it decreases with increase in pH in compounds 
which are almost completely in the anion form. 

Since, as previous evidence indicates, organic anions are bound to the 
































TaB.e II 
Binding of Some Aromatic Carbozxylates with Bovine Serum Albumin 
: Anion | % | K Ai AF, 
= ia X 108 mole X 10-8 |calories per mole 
Phenyl butyrate........... sal 24 2.64 8.92 7450 
eer ere 25 ; 1.6 15.7 7750 
NE Ot Sy cre cteeeee 9 | 1.61 5.66 7220 
Phenyl acetate................ 25 | 23.0 1.09 6300 
Phenoxyacetate............... | 7 | 1.35 5.18 7150 
Taste III 
Binding of Nitrophenolates with Bovine Serum Albumin 
Anion | oH | © | & | | =aR | A> form 
X 108 x 1076 | oe per cent 
o-Nitrophenolate 7.6 6 | 0.338 | 1.82 | 7850 | 75 
8.2 | 6 | 0.407 | 1.51 | 7740 | 91 
m-Nitrophenolate 7.6 | 24 | 4.05 | 0.603 | 7250 16 
8.2 22 1.11 2.0 | 7900 43 
p-Nitrophenolate 7.6 25 5.12 | 0.49 | 7150 72.5 
8.2 | 25 | 1.69 | 1.48 | 7750 | 91 
9, 4-Dinitrophenolate 7.6 6 | 0.047 | 12.5 | 3900 | 100 
8.2 | 6 0.068 | 8.0 | 8650 | 100 
Picrate 7.6 6 |-0.048 | 12.6 | 8900 | 100 
8.2 6 | 0.052 | 11.6 | 8850 100 








positive groups of the protein, and since an increase in pH increases the 
negative charge on the protein, a repulsion between protein and anion 
would result when van der Waals’ forces do not predominate. 

In conclusion, the results indicate that in the case of the aromatic car- 
boxylic acids an increase of the length of the side chain by the addition of 
carbon atoms increases the energy of the binding. An increase in chain 
length by the addition of an oxygen or a peptide group increases the energy 
but decreases the extent of the binding. In the case of the nitrophenolates, 
a nitro group in the ortho position decreases the extent of the binding as 
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compared to a nitro group in the para and meta positions. Addition of a 
nitro group to o-nitrophenolate increased the affinity of the anion. A 
second additional nitro group to the o-nitrophenolate had no effect at 
pH 7.6 but increased the strength of the bond at pH 8.2. Finally, an in- 
crease of pH decreases the energy of the binding when 100 per cent of the 
compound is in the anion form and this decrease is due to the repulsion 
caused by an increase in the negative charge on the protein. 


SUMMARY 


The law of mass action has been applied to dialysis-equilibrium data 
obtained from the systems, bovine serum albumin-aromatic carboxylic 
acids and bovine serum albumin-nitrophenolates. In all the cases studied, 
it was found that statistical factors predominate; 7.e., electrostatic repul- 
sion between bound and free anions was negligible. 

The maximum number of molecules of each anion studied that can com- 
bine with 1 molecule of bovine serum albumin has been determined. The 
energy of the binding of the first anion was determined for each compound. 
The value for the constant of equilibrium between the first anion and the 
protein was also calculated. 

The effect of the type and length of side chain in the aromatic carboxy]l- 
ates on the extent and energy of binding to the albumin has been discussed. 

A discussion of the effect of the position of the nitro group in nitro 
phenolates on the extent and energy of binding is reported. 


We are indebted to the Armour Laboratories for the albumin prepara- 
tions and to Dr. Frank W. Allen of the University of California for the 
p- and m-nitrophenolates and for the 2,4-dinitrophenolate used in these 
studies. 

A grant-in-aid from the Rockefeller Foundation is gratefully acknowl- 
edged. 
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THE STATE AND DISTRIBUTION OF STEROID HORMONES 
IN BIOLOGIC SYSTEMS 


III. SOLUBILITIES OF TESTOSTERONE, PROGESTERONE, AND 
a-ESTRADIOL IN AQUEOUS SALT AND PROTEIN 
SOLUTION AND IN SERUM* 


By FRITZ BISCHOFF anp HARRY R. PILHORN 


(From the Chemical Laboratory, Santa Barbara Cottage Hospital Research Institute, 
Santa Barbara) 


(Received for publication, January 27, 1948) 


Except for such complications as change in activity coefficient, change 
in state of aggregation, selective membrane permeability, or chemical re- 
action, the property primarily governing the distribution of a substance 
in a polyphase system, such as occurs in the living organism, is solubility. 
In spite of the recent extensive progress in the organic chemistry of the 
steroids, meager information is available regarding the physical properties 
of these compounds. The present report is concerned with the solubilities 
of testosterone, progesterone, and a-estradiol in aqueous solutions of vary- 
ing ionic strength, in aqueous protein solutions, and in serum. This in- 
formation is required as a basis for speculation as to and investigation of 
the physiochemical status and fate of these substances in the organism. 


EXPERIMENTAL 


Equilibration—Crystalline Schering testosterone (m.p. 153.7-154.2°, 
corrected) and progesterone (m.p. 127.5—128.5°, corrected), which suffered 
no loss in weight on desiccation over P,O;, were used in all experiments. 
The y-globulin was prepared in the laboratories of Armour and Company 
and was electrophoretically homogeneous at pH 7.0. The albumin was the 
crystalline bovine Armour product. Saturation was approached from both 
undersaturation and supersaturation at two temperature ranges, viz., 25.0° 
and 37.5°. Equilibration at 37.5° was performed during the day in a ther- 
mostatically controlled cabinet equipped with a mechanical shaker and at 
night in a water bath. Equilibration at 25.0° was performed in a water 
bath; agitation of the solvent depended upon the rotation of the suspended 
container with the currents set up by the stirrer. In the progesterone 
experiments, a thermostatically controlled cabinet with mechanical shaker 
was also used at 25.0°. Filtration was performed in thermostatically 


* This investigation was aided by a grant from the Donner Foundation, Inc., Can- 
cer Research Division. 


For the first two papers of this series see (10, 11). 
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controlled cabinets. Effect of concentration of solute, which is a criterion 
for purity of the solute, was studied over a 4-fold range. Effect of change 
of solvent, which is likewise a criterion of purity, was studied for three or 
four changes. The solvents studied were water, 1.0, 1.97, or 3.89 per cent 
aqueous NaCl, 0.1 per cent aqueous NaHCOs, 1.97 or 3.87 per cent aqueous 
NaeSO,, 1 or 3 per cent crystalline bovine albumin solution at p = 0.155, 
1 or 3 per cent bovine y-globulin at » = 0.155, and rabbit serum. The 
influence of pH over the range 5.0 to 8.5 was studied in certain instances. 
The details are given in the respective tables. 

In working with protein solutions aseptic technique was used. Non- 
protein nitrogen determinations were performed upon protein-free filtrates 
as a gage of possible bacterial contamination and action. 

Method of Determination—The color reaction of Zimmermann (1), de- 
pending upon the reaction of certain ketones with m-dinitrobenzene in 
alkaline alcohol solution, has been utilized by Holtorff and Koch (2) for 
the determination of 17-ketosteroids and related compounds and was 
adapted for the determination of testosterone and progesterone in the 
present studies. By means of the Lumetron colorimeter with voltage stabi- 
lizer for photocolorimetry, the yellow-green filter (wave-length 530 my) 
gave values for testosterone and progesterone in conformity with’ Beer’s 
law over the concentration range of 0.05 to 0.2 mg. The error of the instru- 
ment in the maximum range of sensitivity was about 1 per cent. 

The concentration of testosterone from water or aqueous salt solution 
in amounts required for the colorimetric determination was performed by 
evaporation of the aqueous or salt solution at 99°; the residue was extracted 
with ethanol to separate salts and the filtrate subjected to evaporation at 
the same temperature. In the case of progesterone this procedure was not 
feasible, as a variable recovery ranging from 60 to 93 per cent (seven experi- 
ments) was encountered on evaporation from NaCl solution at 99°, and 
therefore the aqueous phase was concentrated at room temperature, in 
vacuo, over calcium chloride. 

It was planned to study the effect of the HPO, ion on the salting-out 
phenomenon, but this study had to be abandoned because of the analytical 
difficulties encountered in the determination of testosterone in the presence 
of phosphate; the phosphate cannot be dehydrated at temperatures at 
which testosterone is stable, and too large a quantity enters into the alco- 
holic extract. 

The justification of the analytical procedures used is based upon the 
following experimental data. The recovery of 0.2 mg. of testosterone 
subjected to evaporation of 5 or 10 cc. of water or absolute ethanol in a bath 
at 99° was 98 to 102 per cent (twelve determinations) when compared with 
a 0.2 mg. standard added to the residue obtained by evaporating water or 
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alcohol. The recovery after subjecting the testosterone to evaporation 
from 3.9 per cent NaCl solutions with subsequent alcohol extraction and 
evaporation was 96 + 1 per cent in nine of twelve experiments compared 
with standards added after the aqueous evaporation, alcohol extraction, 
and alcohol evaporation had been performed to serve as a blank. Similar 
values were obtained from 4 per cent sodium sulfate solution. The re- 
covery of progesterone, when evaporation of the aqueous phase was per- 
formed in vacuo, was 97 + 0.6 per cent (eight determinations). The 
recovery from 4 per cent Na.SO, solution was 99 per cent (two determi- 
nations). A stock standard in absolute ethanol containing 2 mg. of 
progesterone per cc. lost no activity in 8 months when compared with a 
fresh standard. The possibility of loss of dissolved solute by adsorption 
on filter paper was eliminated by comparison of filtration and centrifu- 
gation at 25°. 

Reagents—Redistillation of commercial absolute and 95 per cent ethanols 
reduced the blank appreciably. The water was distilled with a Barnsted 
still and then double distilled from glass. A solution of Eastman m-dinitro- 
benzene, 2 per cent by volume in 95 per cent ethanol, recrystallized by the 
method of Callow (3), was used. 5 + 0.04 N aqueous KOH was prepared 
from a saturated solution of Baker’s c.p. KOH, decanted from the carbonate 
precipitate. Both Munktell No. 00 and Whatman No. 2 filter papers, which 
were used for filtration, gave a measurable blank (one-tenth to one-fifth 
of the total blank). The Munktell blank was due to a water-soluble sub- 
stance; the Whatman blank to an alcohol-soluble material. 

Procedure for Testosterone for Aqueous or Aqueous Sali Solution—10.0 ce. 
aliquots obtained by filtration through filter paper in a cabinet maintained 
at the equilibration temperature plus 1.0 cc. of absolute ethanol are evapo- 
rated to dryness at the temperature of the water bath in a narrow mouthed 
bottle. After cooling, 10.0 cc. of absolute ethanol are added to each, 
the precipitate is broken up with a nichrome rod, and the contents are 
allowed to stand 1 hour and then filtered. A 5.0 cc. aliquot of the filtrate 
is evaporated to dryness in the photometer tube on the water bath. The 
residue is dissolved in 0.5 cc. of absolute ethanol. 0.5 cc. of dinitroben- 
zene reagent and 0.5 cc. of KOH reagent are added. The whole is mixed and 
set aside in the dark for 45 minutes, when 7 cc. of 95 per cent ethanol and 
1.5 cc. of water are added. The mixture is allowed to stand 3 minutes and 
then read immediately with standards which are processed in exactly the 
same manner as the unknowns. The effect of the small amount of salt 
which dissolves in the absolute ethanol and the effect of salt upon the al- 
cohol extraction are controlled by processing the standards for the solu- 
bility in salt solutions by adding 1.0 cc. of the ethanol solution of 
the standards to 10 cc. of 3.89 aqueous NaCl solution. In determinations 
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from solution at pH 9.1 the aliquot was titrated to pH 5.0 with 0.2 n Hq 
before processing. 

Procedure for Aqueous and Aqueous Salt Solution of Progesterone—20.0 ec. 
aliquots plus 1 cc. of absolute ethanol are evaporated to dryness in 180 ee, 
narrow mouth bottles in vacuo at room temperature over calcium chloride, 
The standards in a volume of 1 cc. of absolute ethanol are added to 20 ¢c, 
portions of a blank solution and processed simultaneously with the un- 
knowns. After evaporation to dryness the process is the same as that for 
testosterone. The concentrations of the standards in the determination 
are 0.2 and 0.05 mg. 

Calculation—The optical densities of the high and low standards (0.2 
and 0.05 mg. respectively) are plotted against their concentrations on ordi- 
nary graph paper. The optical densities of the unknowns are referred toa 
line joining the coordinate values for the standards. Alternately if A; and 
and A: are the optical densities of the high and low standards respectively 
(0.2 and 0.05 mg.) and X is the intercept at 0 concentration, 


A, — X = 4(A; — X) 


‘an 4A: — A 
If the optical density of the unknown is B, then 


B-X 
Ai-xX 





X 0.2 = mg. steroid in unknown sample 


Recovery of Testosterone from Protein Solution—When 5 cc. of 3 per cent 
crystalline bovine albumin in 0.8 per cent NaCl plus 0.4 mg. of testosterone 
were evaporated to dryness on the water bath or in vacuo at room temper- 
ature, extraction of the residue with 10 cc. of absolute ethanol for 2 hours 
failed to recover any testosterone. Extraction with 10 cc. of chloroform 
also proved unsatisfactory. When an albumin solution containing tes- 
tosterone was added to absolute ethanol so that the alcohol content was 
80 per cent by volume, the testosterone was quantitatively recovered from 
the alcoholic filtrate (five experiments) when compared with a standard in 
which the testosterone was added to the alcoholic filtrate after removal of 
protein. Inthe analytical determination, the alcoholic filtrate is evaporated 
to dryness on the water bath. The process for recovering testosterone 
from rabbit serum was similar to that used for the albumin solution. The 
concentration of the ethanol solution was raised to 90 per cent by volume 
and the mixture was permitted to stand overnight before filtration. Re- 
covery in four experiments was 104 per cent when comparison was made with 
a standard in which the testosterone was added after filtration of the al- 
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coholic solution. The extractives from bovine albumin and rabbit serum 
were tested for their effect upon the color development of testosterone at 


- 0,05, 0.1, and 0.2 mg. concentration. The deviation from Beer’s law was 4 


per cent at the highest concentration for each substance (each experiment 
in triplicate). Since standards prepared with alcoholic filtrates of rabbit 
serum or albumin were used in all solubility determinations, this effect was 
controlled. 


The process for assaying progesterone in albumin solution’ or in rabbit 


’ serum was the same as that used for testosterone. In three experiments 


the recovery from albumin solution was 101 per cent when comparison was 
made with a standard in which progesterone was added to the alcoholic 
filtrates. In four experiments the recovery from serum was 101 per cent 
when comparison was made with a standard in which the progesterone was 
added to the alcoholic filtrate after precipitation of protein. The influence 
of the alcohol-soluble constituents of albumin or serum upon the color 
development was exactly comparable to that found for testosterone. Re- 
covery of both testosterone and progesterone, added to globulin before 
processing for analysis, was 100 to 102 per cent of the value found after 
adding these hormones to the respective protein filtrates. The accuracy 
of the analytical procedure was of the same order as that found for albumin. 

Attempts at ultrafiltration with collodion membranes were unsuccessful, 
since both hormones as well as estradiol were adsorbed by the membrane. 
The adsorption of testosterone and progesterone was virtually complete 
from a saturated aqueous isotonic solution. 90 to 99 per cent of the hor- 
mones could be recovered by extraction of the membrane with 70 per cent 
ethanol in the case of testosterone and with 100 per cent ethanol (but not 
70 per cent) in the case of progesterone. Testosterone was not adsorbed 


, by lamb’s cecum (Julius Schmidt Fourex) and was quantitatively recovered 


in the ultrafiltrate. 

Accuracy of Procedure—In twenty-eight pairs of determinations of tes- 
tosterone from water or aqueous sodium chloride solution in which each 
sample was processed independently with its own set of standards, the mean 
deviation from the mean of the pair was 3.1 per cent, 86 per cent of the 
values deviating not more than 5 per cent from the mean. The accuracy 
of the determination was greatly increased in the absence of salt. In four- 
teen pairs of duplicates evaporated from water, without alcohol extraction, 
the mean deviation from the mean was 2 per cent, no deviation exceeding 
4 per cent. For testosterone in albumin or serum, duplicate values devi- 
ated from the mean by less than 4.5 per cent 17 out of 19 times. In fifteen 


, pairs of duplicates, in which each sample was processed independently with 


its own standard, the mean deviation from the mean was 2.4 per cent for 
progesterone in water, no value deviating more than 5 per cent. In salt 
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solution, the mean deviation from the mean was 5 per cent for thirty pairs 
of determinations, 90 per cent of the values agreeing within 8 per cent. 
For progesterone in albumin or serum solution, duplicate values deviated 
from the mean less than 6 per cent 16 out of 22 times. 


Results 


Testosterone—At 37.5°, all values for the solubility in water deviate from 
the mean of 1.26 X 10-4 moles per liter by less than 5 per cent, the standard 
deviation of the mean being 0.01. They, therefore, all agree within the 
experimental error. Change of solvent, as well as variation in concen- 
tration of solute, is without influence, confirming the purity of the solute. 
In the experiments in which equilibration was maintained for 140 hours, 
the melting point of the solute is unchanged. In the experiment in which 
equilibration was carried out for 319 hours, the melting point is lowered 
0.5°, the solubility remaining the same. In general, the agreement for each 
solvent of the solubility values in the various salt concentrations confirms 
the agreement of results in water, the deviation being slightly greater. 
Only one value for 3.89 per cent NaCl, which deviates 19 per cent from 
the mean of the other values, is obviously out of line. The results are given 
in Table I. 

At 25.0°, the four values for water obtained by supersaturation are in 
excellent agreement. The undersaturation values in 1.0 and 3.89 per cent 
NaCl are 10 per cent less than the value obtained from supersaturation, 
but the deviation approaches the experimental error. 

In order to be certain that the product in solution was testosterone and 
not some decomposition product, an aqueous saturated solution, which 
had been subjected to equilibration over 140 hours, was evaporated to 
dryness in vacuo at room temperature over CaCl, The melting point of 
the residue was 153.4—-154.2°, indicating pure testosterone. 

The results recorded in Table I indicate that saturation of the solute is 
attained in a comparatively short period (70 hours). Before this was 
realized, preliminary experiments, in which equilibration was carried out 
over 500 hours, gave erratic results (20 per cent higher values) and it was 
found that when the result was erratic the melting point of the solute 
had suffered an appreciable lowering, 3.0°. Under these conditions, the 
results had no significance as to solubility. In the case of solubility in 3.89 
per cent NaCl, the melting point of the solute was depressed only 0.5° after 
this long period of equilibration, the results agreeing with those obtained 
on shorter equilibration. 

The solubility determinations in water and sodium chloride solutions 
were from unbuffered solutions. The pH of these solutions varied from 
6.1 to 7.0. The influence of pH was studied by equilibration in 0.1 per 
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TABLE I 
Solubility of Testosterone in Aqueous NaCl and Na,SO, Solutions 






























































irs bj Equilibration Solubility, moles per liter X 10* 
nt. | Steper | Tem | hg | 1. gm, NaCl 2 gm, NaCl 4 gm. NaCl 
ed 100 cc. Lah | Time Water | on 100 cc. per 100 4 per 100 ce. 
- c. | hes. | 
90 (1) | 37.5 70 | 1.25 (8) 
0 (1) | 37.5 | 140 | 1.29 (4) 
ym (m.p. 154.0) 
rd 10 (1) | 37.5 70 | 1.24 (2) 1.17 (2) 1.09 (2) 0.82 (2) 
he 10 (1) | 37.5 | 140) 1.20 (2) 1.07 (2) 1.04 (2) 0.88 (2) 
| (m.p. 154.0) (m.p. 154.0) | (m.p. 154.0) | (m.p. 154.0) 
_ 40 (1) | 37.5; 70| 1.28 (2) 1.16 (2) 0.98 (2) 0.83 (2) 
te. 40 (1) | 37.5 | 140), 1.24 (2) 1.11 (2) 1.07 (2) 0.81 (2) 
rs, (m.p. 154.0) | (m.p. 154.1) | (m.p. 154.0) | (m.p. 154.1) 
ch 20 (1) | 37.5 64 | 1.26 (1) 1.16 (1) 1.04 (1) 0.86 (1) 
ed 20 (2) | 37.5 78 | 1.26 (1) 1.12 (1) 0.97 (1) 0.83 (1) 
. 20 (3) | 37.5 | 113 | 1.28 (1) 1.11 (1) 1.03 (1) 1.00 (1) 
a 20 (4) | 37.5 64 | 1.24 (1)* 1.14 (1)* 1.05 (1)* 0.81 (1)* 
ms (m.p. 153.5) | (m.p. 153.0) | (m.p. 153.5) | (m.p. 153.5) 
er. 35 (1) | 37.5 | 264} 1.30 (1) 1.17 (1) 1.05 (1) 0.78 (1) 
m 40 (1) | 25.0 88 | 0.99 (1)* 
en 40 (1) | 25.0 91 0.91 (1)* 
40 (1) | 25.0 96 | 0.97 (1)* | 
40 (1) | 25.0} 187] 0.92 (1)* | 
In | | (m.p. 153. 5) | 
nt 20 (1) | 25.0| 72 | 0.76 (2) 0.67 (2) 0.54 (2) 
yn, | (m.p. 154.0) | (m.p. 154.0) | (m.p. 154.0) 
20 (2) | 25.0; 141 0.74 (3) 0.74 (3) 0.54 (3) 
wid | (m.p. 154.0) | (m.p. 153.8) | (m.p. 154.0) 
) 20 (3) | 25.0 71 | | 0.84 (3)* 0.76 (3)* 0.61 (3)* 
ich | (map. 154.0) | (mp. 154.0) | (m.p. 154.0) 
to 6 (3) | 25.0 | 140 | | 0.63 (4)* 
of | (m.p. 153.5) 
0.1 i cent NaHCOs, 2 gm. NasSOx 4 gm. NasSO. 
11s | 9.1, = 0.01 | Lscthocieeadlll per 100 cc. 
be 2% (1) | 87.5) 70. 1.21 (2) | 0.92 (2) 0.66 (2) 
yut 20 (1) | 37.5 | 140) 1.28 (2) | 0.88 (2) 0.66 (2) 
yas 20 (1) | 37.5 70 | 0.90 (2) 0.75 (2) 
ite 20 (1) | 37.5 | 140 | 0.91 (2) 0.76 (2) 
he | (m.p. 154.0) (m.p. 154.0) 
89 ‘The figures ii in » parentheses following concentration of solute values (first column) 
ter indicate change of solvent; viz., (1) indicates original solvent, (2) indicates the 
ed second change, (3) indicates the third change of solvent, etc. 
The figures in parentheses following solubility values indicate the number of analyti- 
_ | cal determinations. Unless noted by * the values are obtained from undersatura- 
ar tion. When the approach was from supersaturation, the solute and solvent were 
om preequilibrated 2 to 4 hours at 55-60°. The values obtained from supersaturation 
per are noted by * 
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cent NaHCQ;. 
pH equilibrium) was 9.1. The solubility value obtained, 1.23 x 10- 


The pH of this solution (which had been shaken to reach | 


mole per liter, agrees well with the value of 1.26 10-4 mole per liter ob. | 


tained for water. The pH is obviously without influence. 

Progesterone, Water, and Sodium Chloride at 37.5°—In contrast to tes- 
tosterone, equilibrium with progesterone was not attained at 70 hours 
equilibration but was reached at 140 hours. Values attained from under- 
saturation at 140 or more hours and from supersaturation agree within 6 
per cent (nine experiments) for solubility in water, viz., (4.26 + 0.05) x 
10-5 mole per liter. Neither change of solvent nor a 4-fold change in 
solute affected the results. In salt solution, the agreement is subject to 
a greater variation, approximately double that found for water. This is 
in line with the results obtained with testosterone and indicates the error 
introduced by the extraction procedure. At pH 9.1 the solubility in 0.1 
per cent NaHCO; solution was 3.7 X 10-5 mole per liter. Melting point 
determinations of the solute after equilibration were performed in all experi- 
ments and the results in all cases were the same as that for the original 
solute or 0.2° to an extreme value of 0.5° higher. To demonstrate that 
the dissolved portion had not undergone decomposition, 350 cc. of solvent 
were separated from the insoluble solute phase and evaporated to dryness 


at room temperature in vacuo. One sample had been equilibrated at 60° — 


for 3 hours; the other at 37.5° for 80 hours. The melting point of the resi- 
due from the latter experiment was 127.5-128.5° (corrected), that of the 
former 127.3-128.3° (corrected). The results are given in Table II. 
Progesterone, Water, and Sodium Chloride at 25.0°—In preliminary ex- 
periments the solubility of progesterone at 25.0° was determined from super- 
saturation. The results were paradoxical in that the difference in different 
experiments was greater than the experimental error, duplicate analyses 
of the same experiment checking within 10 per cent. It was finally realized 
by studying the solubility both from undersaturation and supersaturation 
that there were two equilibrium forms of progesterone at 25.0°. These 
experiments were performed in a cabinet with violent agitation by a me- 
chanical shaker. Under these conditions the solute phase recrystallized. 
In the experiments recorded graphically in Fig. 1, the solubility in salt so- 
lution from supersaturation reaches a low value at 165 hours, increasing 
again at 286 hours. These low values are considerably lower than the high 
value obtained from undersaturation. The high values obtained at 100 
hours from undersaturation are not maintained in these cases on further 
equilibration. It was noted that even when approached from under- 


saturation a crystalline deposit of progesterone formed on the container at > 


the junction of the surface layer with the container. It was concluded 
that when the low solubility was attained the solution was in equilibrium 
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ch with these new crystals; that when the high solubility was attained, equi- 
~4 librium was controlled by the initial solid phase. It will be noted that in 
























































yb. | the case of water the low value from supersaturation was not attained 
a5. TaBLe II 

we Solubility of Progesterone in Aqueous Sali Solutions 

er- Initial con- | Solubility, moles per liter X 105 

6 | aeeet a Conte oe IF | nn enn _ 

“ | NaCl NaCl 
ae | woe | erage | erate | seated 
in ee. hrs. | | 
to 40 (1) 300 None | 4.2 (2) | 4.15 (2) | 3.35 (2) | 3.15 (2) 
is 40 (1) 600 sip | 4.2 (1) | 3.5 (1) | 3.1 (1) 
Or 40 (2) | 300 “ 4.35 (2) | 3.7 (2) | 3.3 (2) | 2.45 (2) 
1 40 (2) | 600 = | 4.4 (1) | 3.6 (1) | 3.1 (1) |} 2.7 (1) 
a | 40 (1) | 70 | “ | 3.5 (2) | 3.0 (2) | 2.5 (2) | 2.2 (2) 
nt 40(1) | 140 | “ 4.0 (2) | 3.5 (2)|3.4 (2)| 2.9 (2) 
ri- 10 (1) | 70 | “ | 8.5 (2)|8.0 (2)| 2.3 (2)|2.0 (2) 
al 10 (1) | 140 | of 4.2 (2)|3.3 (2) |2.9 (2) | 2.5 (2) 
at 10 (1) | Shrs., 49-62° | 4.6 (2) | | | 
nt 10 (1) 70 | 3&3 * 4962° | 4.3 (1) 

10 (1) 1440 | 3 “ 49-52° | 4.3 (2) | 

m 10 (1) | 70 | 2.5hrs., 60° 4.3 (1) 

0 10 (2) 70 19 hrs., 60° | |3.7 (1) |} 3.2 (1) | 2.6 @) 

Si- 10 (1) | 3 None 6.1 (2)*| 5.1 (2)*| 4.8 (2)*| 3.3 (2)* 

he 10 (1) | eT SS 6.3 (2)*| 5.1 (2)*| 4.9 (2)*| 4.1 (2)* 

| | On 2 gm. NasSO«/4 gm. NasSO 

oK- | | rte per 100.ce. | per 100'cc. 

er- rn ae 

net 10 (1) | 140 | “ 2.8 (4) | 2.2 (4) 

" 10 (1) 210 * 2.9 (2) | 2.3 (2) 

| aed 100 " | 3.3 (2) | 

Zed 10 (1) 170 | ee | 3.7 (2) | | 

ion oo 

exe ~The figures in parentheses following concentration of solute values (first column) 
indicate change of solvent, viz., (1) indicates original solvent, (2) indicates the 

-_ second change, (3) indicates the third change of solvent, etc. 

ed. The figures in parentheses following the solubility value indicate the number of 

80- analytical determinations. All solubility data are for 37.5°, except those indicated 

ing by *, which are for 59.5°. Solubility was approached from undersaturation unless 

igh preequilibrated at a higher temperature as indicated in the third column. 

100 : P , 

es (Fig. 1). This experiment was repeated, but the solvent was separated 

bi from the solute at the higher temperature used to produce supersaturation. 

ae \ In this case the solute was in equilibration with the erystals which deposited 

Jed from the supersaturated solution and the solubility reached a low value. 
The melting point of the crystals which deposited was 127.8-128.8° (cor- 

um gp p 
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rected). In the other experiments, both those in which equilibrium wag | 
attained from undersaturation and from supersaturation, the solute phage 
after equilibration showed no change in melting point or a slight 0.2-—0.3° | 
elevation. 

With the highest value obtained from undersaturation and the lowest | 


value obtained from supersaturation or by continued equilibration afte | 


crystal formation, two sets of solubility values which agree within the ex. 











4 
a 


2.6 
ie 
x21 ML O17) 
al 
ey 
1.6 = 
S20F “ 
AL O34 
1.5 4 
7 ad 
dL 0.69 
1.2 4 


! ! i i 
HRS= 100 200 300 400 


‘~. 

















Fic. 1. The solubility of progesterone in water with increasing ionic strengths, » 
of NaCl at 25.0°. @ indicates solubility values approached from supersaturation; 
© values aproached from undersaturation; X indicates the experiment in which the 
solid phase of solute was removed after supersaturation. 4 is calculated per liter. 


perimental analytical error with the Setschenow salting-out law are 
obtained. 

Progesterone has two polymorphic modifications, one melting at 128°, 
the other at 121°. These have different crystalline forms and are readily 


interconvertible. However, from the melting points obtained in the fore- | 


going experiments, the two equilibria at 25.0° cannot be explained on the 
basis of the interconversion of the form with a melting point of 128° to the 


form with a melting point of 121°. In the case of As,O3, three modifi- » 


cations, one of which is amorphous, have widely different solubilities in 
water. It is possible that progesterone has a third metastable form which 
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exists temporarily as crystallization at 25.0° proceeds from saturated so- 
lution. It should be borne in mind that, while progesterone has a readily 
producible melting point, it is not sharp, covering a range of about 1°, and 
this in itself would favor the existence of a polymorphic modification. 

The solubility values obtained for both testosterone and progesterone in 
aqueous sodium sulfate solution are slightly lower than the values pre- 
dicted from the solubility in aqueous sodium chloride solution on the basis 


TaBLeE III 


Solubility of Testosterone in Bovine Albumin Solution at Ionic Strength p = 0.155 with 
1 Mg. of Solute per Cc. of Solvent 





r P 
| 
| 








Tenperntue | Peceet | pz | Bawlliatlon | solpity | MP of solu after 
} | be ee Pe 
; hrs. moles perl. X 108 | Ks 
37.5 30 | 53 | 6 | 10.9 (2) | 
| oe 12 | 11.8 (2) 
5.3 | 24 11.6 (6) 
5.3 | 28 11.9 (2) | 
eam 40 11.6 (2) 153 .5-154.0 
37.5 3.0 7.4 23 14.2 (2) | 
7.4 37 13.2 (2) 153 .0-153.5 
37.5 | 3.0 | 8.0 30 15.6 (2) 
| 8.0 45 15.3 (2) 153.3-153.8 
37.5 ie 5.4 24 | 648) | 
| 5.4 | 38 | 4.9 (2) | 153.3-154.0 
25.0* 3.0 | 23 | 9.3 (2) | 
| 5.3 32 | 9.0 (2) 153 .0-153.5 
25.0 | 3.0 5.3 28 | 10.7 (2) | 
| 5.3 52 | 10.6 (2) | 158.0-153.5 
25.0 3.0 72 «| 24 | 12.6 (2) | 
| 48 | 12.3 (2) 153.0-153.3 





The figures in parentheses following solubility values indicate the number of 
analytical determinations. 


* Approached from supersaturation, after 40 hours equilibration at 37.5°. 


of ionic strength, but the agreement is far closer than it is for solubilities 
of proteins in aqueous solutions of these salts (4). 

Solubility in Protein Solution—The solubility data for testosterone in 
solution of crystalline albumin from bovine plasma indicate that equi- 
librium is rapidly reached. After 24 hours equilibration, the value lessens 
slightly in each experiment, although the difference individually is not sig- 
nificant. ‘This difference may be explained on the basis of protein de- 
naturation. Although pH had no effect upon testosterone solubility in 
aqueous solution in the physiologic range, pH has a pronounced effect in 
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albumin solution. In the range studied, pH 5.3 to 8.0, histidine is respongj.- 
ble for the change of base bound per mole of protein because of its ionization 
constant, and the increase in solubility may be related to this phenomenoy, ! 
Although the solubility of testosterone in 3 per cent albumin at pH 7.4 js | 
approximately 3.5 times that of progesterone, it is apparently significant | 
that the increase in solubility with increase in pH for the range pH 5.3 tg | 


times | 
This ¢ 
album 


proges 
detern 
The 


| are gi 


TABLE IV 


Solubility of Progesterone in Bovine Albumin Solution at Ionic Strength p =0.156 with 
0.4 to 0.75 Mg. of Solute per Cc. of Solvent 











' ! i , iia er 
Tempentnce | Percent | pH Rasiiieration M.p. of solute 





| albumin | Solubility after equilibration 
C. | j hrs. moles perl. X 104 a ; 
37.5 | 3.0 Ta 6 | 2.7 (2) | 

| | | @ | .3@ | 

| | [- eT ae] 

| 32 . ae | 128 .0-128.7 
37.5 | 3.0 7.4 24 3.8 (2) 

38 4.4 (2) | 127.8-128.5 
37.5 | 3.0 | as 30 6.2 (2) 

45 6.8 (2) 127.7-128.6 

37.5 1.0 5.3 25 1.3 (2) 

| | 39 1.5 (1) 127 3127.5 
25.0 | << 5.8 | 24 2.1 (4) 

| 36 1.9 (2) 

| 52 | 2.5 (4) | 

| | 70 26 | «= 2.6 (2) 

| | 94 2.6 (2) |  128.0-129.0 
25.0 | 3.0 ‘3 48 3.0 (2) 


72 2.9 (2) 127 .7-128.7 


The figures in parentheses following solubility values indicate the number of 
analytical determinations. 


8.0 is virtually identical, viz., 3.8 versus 3.4 10-4 mole per liter. The 
results are given in Table III. 

In contrast to testosterone, the solubility for progesterone in 3.0 per cent | 
albumin solution increased after 24 hours equilibration in four of the experi- 


ments. As was the case for aqueous solution, this indicates that equi- f 


librium for progesterone is more slowly attained than for testosterone. See | 
Table IV. 

The solubility of testosterone in bovine y-globulin was determined at 
ionic strength » = 0.155 with 0.5 mg. of solute per cc. of solvent in 3.0 per : 
cent protein solution at pH 7.2 and 37.5°. Values for the equilibration 
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times of 24 and 44 hours were identical; namely, 2.6 X 10~-‘ mole per liter. 
This compares with a value of 14.2 & 10-‘ mole per liter for 3 per cent 
albumin at approximately the same pH. A value for the solubility of 
progesterone in y-globulin under the same conditions could not be 
determined, as it virtually approached that for isotonic saline. 

The solubility values for testosterone and progesterone in rabbit serum 
are given in Table V. There appears to be a rough correlation between 
protein content and solubility. It is apparent that albumin is responsible 
for approximately 70 per cent of the solubility of testosterone in serum and 


TABLE V 


Solubility of Testosterone and Progesterone in Rabbit Serum at 37.5° 








! 








Steroid |, Peetgin peateat..1 pH | Fauilibration | Solubility 
} | } 
2 per cenit hrs. | moles perl. X 104 

Testosterone 7.3 8.5 24 35 = (6) 
‘7. | 46 31 (9) 

6.0 | 8.3 | 24 33 (6) 

5.8 8.2 | 29 | 28 (2) 

Progesterone 6.1 8.5 24 | 10.9 (4) 
6.1 8.5 44 12.5 (4) 

6.6 8.3 48 14.0 (4) 

6.6 8.2 72 14.1 (4) 

5.8 8.2 29 9.5 (2) 

6.2 8.3 24 11.8 (2) 





In all cases the melting point of the solute after equilibration was within 0.2-0.5° 
of that of the original substance. The figures in parentheses after the solubility 
values indicate the number of analytical determinations. 2.5 mg. of testosterone 


) perce. of solvent and 1.5 mg. of progesterone per cc. of solvent were used in all exper- 
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for approximately 85 per cent of the solubility of progesterone in serum. 
The difference is probably relegated to globulin, which had no dispersing 
power toward progesterone. On the basis of published estrogen determi- 
nations (5) of human plasma fractions one might expect the 6,-lipoprotein 
fraction, which was found to contain most of the estrogen activity, to con- 


* tribute to the steroid solubility. The balance sheet for albumin, y-globulin, 


and lecithin (in the case of estradiol) in our studies leaves little room for 
the 8,-lipoprotein fraction. The estrogen reported in the 6,-lipoprotein 
fraction may be esterified, and hence manifest markedly different physical 
properties. This question is at present under investigation. At any rate 
the estrogen is reported not to be estradiol. 





























676 STEROID HORMONES IN BIOLOGIC SYSTEMS 





DISCUSSION and 

The decrease in solubility produced by electrolytes was first described | in 

| in terms of an exponential equation, empirically derived by Setschenoy ! M 
from solubility data of gases in salt solution (6). | @ “ 
: o tl 
In S = In Sp — KC (1) | rs 

in which So is the theoretical solubility in water, S the solubility in the | _ since 

electrolyte solution, C the concentration of electrolyte, and K a constant, _ ing t 

Debye and MacAuley (7) described the activity coefficients of the solute} _ tivit 

i in salt solution, which are measured by the deviation in solubility, in terms | and 
| of an equation in which activity is roughly proportional to electrolyte con- Si 


centration. Hiickel (8) added to this equation a correction for the change the 1 
in the dielectric constant of the solution with electrolyte concentration, is ne 
The equation describing the effect of the electrolyte on the non-electrolyte | come 
solubility is, } since 





iN In yn = (Ne*$, $—5n/2RT bs D5 po)vm, (2) | 


in which 7, is the activity coefficient of the non-electrolyte, N is Avogadro's|  Obvi 
number, e is the proton charge, ¢ the valence, 5, the molar dielectric inere- _ nati 
ment, b, the radius of the salt ion, Dy the dielectric constant of the solvent, __ linea 
po the polarization of the solvent, v the number of cations and anions, and Tl 
m, the moles per kilo of electrolyte. The salting-out effect depends upon Fig. 


aoa ee are ee 


the temperature, upon the dielectric constant of the solvent, upon the rate of If 
change of dielectric constant with changing concentration of the solute,and Sets 
upon the valence and radii of the ions. the 1 


If the original Setschenow equation holds, these effects are incorporated at 2 
| in its two constants, in which Sp is dependent upon temperature and K ionic 
combines the salting-out effect and salting-in effect. AK holds when the, with 

salting-out effect is large compared with the salting-in effect. coeff 

The values of the constants of the Setschenow equations depend upon 0.32 

i whether solubility is expressed as the mole fraction, moles per liter, moles _ ionic 
A | per kilo of solvent, or moles per kilo of water and whether concentration is —_ indi 
expressed as u, the ionic strength of Lewis (9) calculated per kilo of water that 
or that of Debye calculated per liter of solvent. While mathematically the | thos 
equation could not hold equally well for any of these expressions, experi: spon 
mentally the accuracy of fit has been found to be of about the same order. __ terol 
With the Debye concept, our data as treated in Fig. 2 are based upon the | ‘In 


equation ubili 
. | 0 

: pS = pSo + K(I'/2) (1,a)| “ne 
in which pS is the negative logarithm of the solubility in moles per liter, ‘s . 
pSo is the negative logarithm of the solubility in water in moles per liter, the ‘ 
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and I is the ionality (double ionic strength) in moles per liter. I = 2C'¢ 
in which C is the concentration of each ion and ¢ is the valence of the ion. 

Frequently the expression So in the Setschenow equation is replaced by 
a constant B, particularly when the actual solubility in water is not equal 
to the value So, which is regarded as a hypothetical solubility obtained by 
extrapolation. So may be more than a constant empirically determined, 
since under certain conditions it becomes one of the parameters in determin- 
ing the activity coefficient of the solute, viz., y = So/S', where y is the ac- 
tivity coefficient, So is the solubility derived from the Setschenow equation, 
and S! is the actual solubility. 

Since the activity of the solid solute is taken as 1, S'y/1 = k, which is 
the mass law in its simplest form. In the Setschenow equation, when S! 
is negligible compared with the concentration of salting-out solute, So be- 
comes the solubility at infinite dilution of both solutes. So then equals k, 
since the activity coefficient at infinite dilution is 1, and finally 


Siy = So (3) 


Obviously, So in the Setschenow equation becomes valid for the determi- 
nation of the activity coefficient only if the experimental values give a 
linear extrapolation,' which in itself is a test of the law. 

These conditions have been met in the data presented graphically in 
Fig. 2. 

If we substitute the solubility values as negative logarithms in the 
Setschenow equation and take the intercept at 0 ionic strength as So (or B), 
the value for + K for testosterone in NaCl at 37.5° becomes 0.27; for NaCl 
at 25° it becomes 0.28, and for Na2SO, at 37.5°, 0.31. The intercept at zero 
ionic strength agrees with the value found experimentally in water well 
within the experimental error, showing that within this error the activity 
coefficient of testosterone is 1.0. The values of +K for progesterone are 
0.32 for NaCl at 37.5° and 0.35 for sodium sulfate. The intercept at zero 
ionic strength agrees well with the experimental value obtained in water, 
indicating an activity coefficient of 1.0 for progesterone. It will be noted 
that the values of K for progesterone are in fairly close agreement with 
those obtained for testosterone, indicating a marked similarity in the re- 
sponse to salting-out, although the absolute solubility values for proges- 
terone are about one-third the values for testosterone. 

Included in Fig. 2 are published (10) and unpublished data for the sol- 
ubility of estradiol in aqueous solution at varying ionic strengths in the 
range pH 6.5 to 8.0. These values were obtained by bioassay, with an 

‘When S is not small compared to the concentration of salting-out solute, log S 


is plotted against S + S salt or \/S + S salt to obtain a linear extrapolation giving 
the solubility at infinite dilution for both solutes. 
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accuracy within 15 per cent 19 out of 20 times (11). ‘The agreement of the 
available data with the Setschenow equation is realized within the error of 
the assay. + in the Setschenow equation becomes approximately 0.20, 
In the pH range studied pH is without effect upon solubility (10), indicating 
complete hydrolysis, which is consistent with an ionization constant as weak 


as that of phenol. Moreover, the ionization would be less than 0.1 per | 











0 2 4 4 8 LO 12 


Fic. 2. The solubility of testosterone, progesterone, and a-estradiol in aqueous 
solutions of varying ionic strength. pS is the negative logarithm of the solubility 
in moles per liter. » is the ionic strength of the electrolyte. © indicates NaCl 
as the electrolyte; @ indicates NazSO, as the electrolyte. 4 is calculated per liter 


cent; so that the estradiol in solution behaves substantially as a non-elec- | 


trolyte. 

Since under the conditions of our solubilities of testosterone, proges- 
terone, and estradiol, the ratio of the solubility in water to that in aqueous 
salt gives the activity coefficient, 


In yn = In Sy — InS = (Ne?¢, ¢_5,/2RTb, D? po)vm, (1, 2, 3) 


Now, since In So — In S = KC, the salting-out constant in the Setschenow 
equation becomes equal to the expression in parentheses in equation (2). 


In comparing the solubilities of the three steroids at the same temperature | 
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and in the same ionic environment, all the parameters in equation (2) are 
constant except 6,, which is proportional to K in the Setschenow equation. 
The molar dielectric increment of estradiol is, therefore, about two-thirds 
that of testosterone or progesterone. These constants would in all cases 
be negative. Since the molecular model assumed in equation (2) is over- 
simplified, calculated values for the molar dielectric increments could not 
be considered too seriously, but the order of magnitude should be correct, 
however. 

Since albumin is in colloidal solution, and since the other constituents 
of serum which contribute to the dispersion of the steroids are also in col- 
loidal solution, the question arises as to whether the steriod is adsorbed by 
the colloid or whether it is oriented in the solvent by secondary valence 
bonds of the colloid. The distinction is probably one of degree, but we are 
more inclined to hold that it is not adsorption, because on the introduction 
of another phase (10) the steroid is in equilibrium with the second phase as 
though it were in true solution. It is interesting to compare the relative 
dispersing powers of albumin toward the three steroids. At pH 7.0 to 7.4 
estradiol is 22 times as soluble in 3 per cent albumin solution as in isotonic 
saline, but this ratio is only 12 to 13 times for testosterone or progesterone. 
Testosterone is about 3 times as soluble in isotonic saline as progesterone. 
This ratio holds roughly for solubility in albumin in the range pH 5.3 to 
8.0 and in serum at pH 8.3 to 8.5. A comparison of the dispersing power 
of y-globulin with that of albumin for the steroids reveals that for estradiol 
the globulin is 40 per cent as effective as albumin, but only 12 per cent as 
effective for testosterone. The dispersing power of globulin for proges- 
terone is nil. The solubility of estradiol in 1 per cent isotonic y-globulin 
solution at pH 7.0 was 3.9 X 10-5 mole per liter. The weak dispersing 


| power of y-globulin compared with albumin, as regards the steroid hor- 


mones, is probably of physiologic significance, emphasizing the unique 
qualities of albumin in binding substances with the polar properties of the 
steroids. 

A comparison of the dispersion of testosterone, progesterone, and estra- 
diol in 1 and 3 per cent albumin solution was made at 37.5° at the same pH. 
When solubility in non-protein isotonic salt solution is subtracted, the dis- 
persion of estradiol is proportional to the protein concentration. For both 
testosterone and progesterone, the ratios are 1:2.7 instead of 1:3.0. Con- 
sidering the possibility of analytical errors of 5 per cent, the agreement is 
reasonably close. On a molar basis albumin disperses about 0.5 mole of 
estradiol, 0.7 to 1.5 moles (depending on pH) of progesterone, and 2.5 to 3.3 


) moles (depending on pH) of testosterone. 1 mole of fatty acid is contained 


per mole of crystalline albumin and is regarded as necessary to achieve 
crystallization. 


The heats of solution or dispersion calculated from the van’t Hoff re- 
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action isochor are given in Table VI. The number accompanying each | 


heat of solution is either the standard deviation of the mean or an approxi- 
mation of this constant. For progesterone in water or aqueous salt solution 
the equilibrium form having the highest solubility was used in the caley. 








lation, since the evidence at hand indicated that the solute was in equi. | 
librium with the original solid phase. In calculating the heat of dispersion | 
in protein solution, the solubility in isotonic saline is subtracted from each | 


solubility value before the calculation is made. This value is, therefore, 
not a heat of solution, since the disperse phase is in equilibrium not with 
the solid phase but with the aqueous non-protein electrolyte phase. The 
heat of dispersion is, therefore, the heat involved in the orientation of the 
steroid by the protein. The heat of dispersion is presented as a new con- 


TABLE VI 


Heats of Solution and Disperson of Testosterone, Progesterone, and Estradiol in Water, 
Aqueous NaCl, or 3 Per Cent Bovine Albumin Solutions 











Solute Solvent Heat of solution (or dispersion) 





calories per mole 


Testosterone Water 4,300 + 100 
1, 2, or 4% NaCl 4,400 + 100 
3% albumin, pH 5.3 1,100 + 400 
3% = "aa 1,900 + 900 

Progesterone Water 7,300 + 1300 
1, 2, or 4% NaCl 6,700 + 1000 
3% albumin, pH 5.3 3,600 + 1200 
3% " “ a2 5,500 + 1100 

Estradiol 0.9% NaCl 4,300 + 1400 
3% albumin, pH 5.3 13,700 + 





2000 


~~ 


cept, following logically from (a) the temperature coefficients of dispersion | 


and (b) the concentration of steroid by a protein solution phase separated 
by a membrane from an aqueous non-colloidal phase (10). The heat of 
dispersion of estradiol by albumin is high compared with that of either 
testosterone or progesterone and is further characterized by its independ- 
ence of pH. 


Since testosterone and progesterone were determined by the Zimmer- 


mann reaction which does not respond to estradiol and since estradiol was 


determined by an assay which was not sensitive to the amounts of tes- | 


tosterone or progesterone present, it was possible to determine the mutual 
effect of two steroids on their dispersion by albumin solution. This exper'- 
ment is reported in another paper (10), but the results should be considered 
in summarizing the effect of dispersion by protein. While estradiol had no 
measurable effect upon the dispersion of the two other steroids, its dis- 
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persion was significantly depressed by the other two. The influence which 
estradiol would be expected to have on the two other steroids is probably 
within the experimental error; since the concentration of estradiol is so 
much less than that of the other steroids, its influence would not be meas- 
urable. 

In summarizing, one is impressed by the characteristic differences not 
only in the two proteins studied, but also in the differences in response of 
the three steroids for the same protein. These differences are probably of 
fundamental importance in the distribution of the steroid in the organism. 


SUMMARY 


The solubilities of testosterone, progesterone, and a-estradiol in aqueous 
sodium chloride or sodium sulfate solution in the temperature range 25- 
37.5° follow the Setschenow equation, pS = pSo + Ku, in which pS is the 
negative logarithm of the solubility in moles per liter, pSo is the negative 
logarithm of the solubility in water in moles per liter, K is the salting-out 
constant, and yu is the ionic strength. pS» determined by extrapolation 
agrees with the solubility in water experimentally determined within the 
error of the method used, and so the activity coefficients for solubility in 
water are 1.0 within that error. At 37.5°, pS» is 3.90 for testosterone, 4.37 
for progesterone, and 5.0 for estradiol. 

Within the range pH 5 to 8, pH is without appreciable influence on the 
solubility of the three hormones in aqueous non-protein solution. 

At 25°, progesterone solubility depended upon two equilibrium phases. 

Testosterone, m.p. 153.7—154.2° (corrected), and progesterone, m.p. 
127.5-128.5° (corrected), gave the same respective solubilities with a 4-fold 
change in concentration or a 3-fold change in solute, indicating that these 
are the melting points for the pure compounds. 

At pH 5.3 to 5.5 and 37.5°, the solubilities in isotonic solution containing 
3.0 gm. per 100 cc. of bovine crystalline albumin were 2.0 X 10~‘ mole per 
liter for estradiol, 3.4 X 10-4 mole per liter for progesterone, and 11.8 X 
10-* mole per liter for testosterone. An increase of pH from 5.3 to 8.0 
increases the dispersion of both testosterone and progesterone by 3.6 X 10-4 
mole per liter. The dispersion of estradiol is not affected by pH. Bovine 
y-globulin at pH 7.0 had no dispersing power toward progesterone. 

The heats of solution or dispersion in the temperature range 25.0—37.5° 
are calculated from the van’t Hoff isochor. The heat of dispersion is in- 
troduced as a new concept. 


We wish to thank Dr. Erwin Schwenk of the Schering Corporation for the 
steroid hormones used in these experiments and Dr. J. B. Lesh of Armour 
and Company for the y-globulin. 
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Cohn and his associates (1) introduced new and valuable procedures for 
fractionating human serum proteins by using varying concentrations of 
ethanol at different hydrogen ion concentrations, low ionic strengths, and 
low temperatures. These principles were utilized in fractionating the 
serum proteins of control and injured dogs (2) and rats (3). Dogs injured 
by turpentine, heat, or sulfur mustard show marked changes in the electro- 
phoretic patterns of their sera and fractions, due in part to the appearance 
of new proteins and to increased amounts of lipoproteins. Since data 
concerning goat serum are not available, the present study was undertaken 
to determine (a) conditions for fractionation and (6) the distribution of 
proteins and their associated lipides in the serum of control and injured 
animals. 


Methods 


The description of the apparatus used, methods for adjusting ethanol 
concentrations, ionic strength, pH, the electrophoretic technique, and 
the analytical procedures have been presented previously (2). 

Small individual samples of goat serum were obtained by withdrawing 
blood from the external jugular vein. Large amounts of serum were ob- 
tained from the pooled blood of a number of goats which were exsangui- 
nated under anesthesia. Serum was sent to this laboratory packed in dry 
ice. These sera were maintained at low temperature and were thawed 
at 5° just before being fractionated. 

Groups of goats were gassed (head excluded) with the vapor of sulfur 
mustard, bis(6-chloroethyl)sulfide (H) and by cutaneous application of 
50 mg. per kilo of H to the shaved back. A number of goats were each 
injected subcutaneously with 0.5 ml. quantities of turpentine into ten 


* The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and the University of Virginia. 
Under the terms of this contract the Chemical Corps neither restricts nor is respon- 
sible for the opinions or conclusions of the authors. 
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different sites. ‘These animals were exsanguinated 7 days after injection 
and the blood was pooled. Third degree burns on about 20 per cent of 
the body area were produced in other animals. 


Fractionation Procedures 


The first procedure used for fractionation was that recommended for 
human serum (1); the results were unsatisfactory except for fraction 
II+III. Fractions IV and IV-4 contained practically all of the albumin 


DiaGraM 1 
Major Fractionation of Serum* 


Serum 
Ethanol 20%; 
pH 7.0; 1/2 0.094 








| 
saint > II+III; ethanol 28%; pH 6.0; r/2 0.1 Fraction II+-III 














Supernatant IV; ethanol 40%; pH 6.4; ©'/2 0.1 Fraction 1V 

Supernatant IV-4,1; ethanol 40%; pH 6.0; ©/2 0.1 Fraction IV-4,1 

ar sgl IV-4; ethanol 40%; pH 4.8; 1/2 0.1 Fraction 1V-4 
Fraction V 


* The details of the fractionation procedure may be obtained, upon request, from 
this laboratory. 


in addition to the a- and a-globulins. The yield of fraction V was 
negligible. 

A second procedure was developed after studying the effect of pH, 
ethanol concentration, ionic strength, and the type of salt on the separation 
of the components of the fractions IV and IV-4. It was found that rela- 
tively high concentrations of sodium chloride were more effective than 
sodium acetate in decreasing the albumin content of these two fractions. 
It was also noted that the a-globulins were effectively precipitated at 
relatively high pH and ethanol concentrations. The procedures outlined 
in Diagrams 1 to 4 were used for obtaining most of the data presented in 
this paper. Five main fractions could be obtained (Diagram 1) but in 
most cases fractions IV-4,1 and IV-4 were combined by adjusting the 
supernatant of fraction IV to pH 6.0 and 40 per cent ethanol. 
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Further experimental work was undertaken to improve the fractionation 
of IV-4 (includes IV-4,1) since this fraction yielded extremely turbid 
solutions after short periods of storage in the cold, which appeared to be 


DraGraM 2 
Subfractionation of Fraction IV 
Fraction IV dissolved in 5 times its weight of H.O 





Ethanol 27%; 
pH 5.8; r'/2 0.09 








| 


Supernatant IV-W; ethanol 40%; pH 4.8; r'/2 0.073 Fraction IV-W 
L 





Fraction IV-W1 


Dissolve Fraction [V-W in 6 times its weight of H,O 





Ethanol 18%; 
pH 6.8; 1/2 0.1 








f 


| | . 
Supernatant IV-A; ethanol 31%; pH 5.8; f/2 0.1 Fraction IV-A 





Fraction 1V-B 


D1aGRaM 3 
Subfractionation of Fractions IV-4 and IV-4,1 
Fraction IV-4 dissolved in 20 times its weight of H,O 





Ethanol 30%; 
pH 7.2; 1/2 0.1 








| 
Supernatant [V-4A; ethanol 34%; pH 6.8; 1/2 0.1 Fraction IV-4A 





Supernatant [V-4B; ethanol 40%; pH 4.8; 1/2 0.084 Fraction LV-4B 
| 





Fraction IV-4C 


due to denaturation of a-globulin. It was found that the components of 
fractions IV-4 and V could be precipitated from supernatant IV at 30 per 
cent ethanol, pH 4.8, and ionic strength of 0.09 (Diagram 5). After raising 
the ethanol concentration of the supernatant to 40 per cent, a small precip- 
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DraGcram 4 
Subfractionation of Fraction V 


Fraction V dissolved in 6 times its weight of H.O 





Ethanol 14%; 














pH 4.3 

| | 
Supernatant V-1; ethanol 19.3%; pH 4.3 Fraction V-1 

| 
Supernatant V-2; ethanol 40%; pH 4.8 Fraction V-2 

| 
Fraction V-3 

Dracram 5 


Modification in Major Fractionation of Goat Serum 


Supernatant [V 





Ethanol 30%; 
pH 4.8;1/20.1 








ted IV-4+-V; ethanol 40%; pH 4.8; /2 0.085 Fraction IV-4*+V 





Fraction VI 


Modified Subfractionation of Fractions IV-4+V 
Fraction IV-4+-V dissolved in 10 times its weight of H,O 





Ethanol 16%; 
pH 4.50; r/2 0.08 








Supernatant IV-4; ethanol 40%; pH 4.8 Fraction IV-4 


Fraction V 





Fraction IV-4 dissolved in 10 times its weight of HO 





Ethanol 14%; 
pH 5.30; P'/2 0.05 








} 


| 
Supernatant IV-4A; ethanol 40%; pH 4.8 Fraction IV-4A 





Fraction IV-4B 
* Includes IV-4,1. 
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itate, consisting of a-globulin, appeared (fraction VI) which yielded a 
very turbid solution. The fraction IV-4+V yielded a clear solution. 
Experiments were conducted to determine the best conditions for sub- 

fractionation of IV-4+V. It was found that the globulins could be 
separated from albumin most effectively at (1) a pH on the acid side of the 
isoelectric point of albumin, (2) low ethanol concentrations, and (3) a 
relatively high ionic concentration maintained with sodium acetate. 
High a, and comparatively low albumin concentrations could be attained 
for fraction IV-4 without denaturation of the a-globulin. 

O—© CONTROL 

o—e 0.1M Naci 
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Fig. 1. Influence of sodium chloride and sodium acetate on the solubility of 
electrophoretically pure goat albumin in the presence of varying concentrations of 
ethanol. 


In order to determine the effects of 0.1 m sodium chloride or sodium 
acetate at pH values below and above the isoelectric point at varying 
concentrations of ethanol, the solubility of electrophoretically pure goat 
albumin was studied. The albumin solution (1.0 per cent) was dialyzed 
at 5° for 4 days against frequent changes of distilled water. Aliquots, 
which were adjusted to pH 4.4 and 5.5 with a minimum of sodium acetate 
in acetic acid buffer to give a final ionic strength of 0.005, served as “‘salt- 
free” controls. Other aliquots were adjusted to the desired pH, ionic 
strength (0.1), and ethanol concentration by adding calculated amounts 
of sodium chloride or sodium acetate and buffers dissolved in 53.3 per cent 
ethanol. The precipitates formed at different ethanol concentrations 
were analyzed for nitrogen and the results plotted (Fig. 1). The solubility 
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of albumin was increased by sodium acetate and especially by sodium 
chloride at a pH above its isoelectric point. On the other hand, at pH 
4.4 sodium acetate increased and sodium chloride decreased the solubility 
of albumin. These data were useful in developing the procedures for 
separating albumin from globulins as shown in the subfractionation proce- 
dures (Diagram 5). 


Results 
Controls—A number of sera of control goats were analyzed electro- 


phoretically. The mean values and standard deviations for the mobility 


TaBLeE | 
Mobilities* and Percentage Distribution of Components in Control Goat Serum 


Wiiewas,’ | 





Globulins 
Boundaries Albumin 


5 A >a a ak on | B San | ee. 


Mobilities 
Descending | 6.9+ 0.05 5.34 0.04 4.0 + 0.04 | 3.0 + 0.03 | 1.8 + 0.08 
(7 goats) | 
Ascending 7.524 0.05 6.0 + 0.04 4.74 0.05 3.6 + 0.03 | 2.3 + 0.03 
(10 goats) 


Per cent distribution 
Descending 37 +2.5 11 +0.8 13 +0.8 
(10 goats) 
Ascending 3 +2.7 110 +0.9 12 +0.6 1/8 +1.0 33 + 0.6 
(11 goats) | 


§ +£1.4 81 + 0.6 





* In barbital buffer at pH 8.6, ionic strength 0.1, and temperature 2° expressed 
as cm.” volt“! sec.-! X 10-5. Serum diluted 1:1.5. 


of each protein component are shown in Table I. This information served 
as a guide for identifying the components in each fraction. The values 
for the percentage distribution of the protein components served as a 
measure of the degree of variation for control animals. Electrophoretic 
patterns and analyses for a number of fractions are shown in Fig. 2. 

The electrophoretic patterns of goat serum consistently yield five dis- 
tinct components. The resolutions of the boundaries are superior to those 
encountered in the dog and rat. The fractions and subfractions of goat 
serum also yield patterns which are well resolved. 

Deutsch and Goodloe (4) have presented data for the mobility and 
percentage distribution of the protein components of a single goat plasma. 
Their data for mobilities of the descending limbs are corroborated by the 


result shown in Table I. The sera of the goats used in the present experi- 
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Serum 
II+III 
II-3 
II-1,2 
III-0 
IV 
IV-B 
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2. Electrophoretic patterns and analyses of control goat serum and its 
fractions. 
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ments contained greater concentrations of y-globulins and less albumin 
than those reported by the Wisconsin investigators. 

Fraction II+III contains practically all the y- and 6-globulins in the 
serum as well as appreciable amounts of a-globulin and albumin. Sub- 
fractions II-1,2 and II-3 can be obtained as electrophoretically pure 
y-globulins. The mean values for the mobilities for II-1,2 are 1.37 and 
1.5 X 10° for descending and ascending boundaries, respectively; cor- 
responding values for II-3 are 1.69 and 2.0 X 10-°. For further proof of 
the presence of two distinct globulins, a mixture of equal amounts of II-1 ,2 
and II-3, subjected to electrophoresis for 5 hours at a potential gradient 
of 6 volts, yielded two distinct components. These two components ap- 
pear to correspond to the y:- and 2-globulins described for human sera 
by Duetsch et al. (5). Subfraction III-1 consists of y-, B-, and a-glob- 
ulins. Fraction III-3 is composed chiefly of y-globulins. Fraction 
III-O0 contains all of the albumin and q-globulin present in II+III and 
in addition is rich in a- and 8-globulins. Fraction ITI-2 always yields 
solutions which are too turbid for electrophoresis. Fractions II-3 and 
II-1,2 could be lyophylized without affecting their solubilities in saline; 
fractions III-3 and III-2 become insoluble under the same treatment. 

Mobility values for the y-globulin in the subfractions of II+III are 
invariably greater (range 2.0 to 3.2 K 10-*) than those obtained for the 
electrophoretically pure II-3 and II-1,2 components, which may be due 
to interaction between proteins. 

Fraction IV is obtained in small amounts and is rich in a-globulin. By 
subfractionation, it is possible to concentrate the a-globulin in IV-B and 
the albumin in IV-W,1. 

The main fractions [V-4 and IV-4,1 are composed chiefly of a-globulin 
and albumin. Since they are obtained in small amounts, they are com- 
bined for subfractionation according to Diagram 3. An unusually high 
concentration of a:-globulin is present in IV-4A. Fraction IV-4B is com- 
posed chiefly of a:- and a2-globulins and IV-4C contains most of the albumin 
of the main fraction. If these three subfractions are allowed to stand at 
low temperatures, the a;-globulins become denatured and insoluble. 

Fraction V is composed chiefly of albumin. By subfractionation it is 
possible to obtain an electrophoretically pure albumin (V-3). Fraction 
V-1 contains most of the a-globulin, which is responsible for the marked 
turbidity when dissolved. Fraction V-2 contains a small amount. of 
a-globulin. 

Yields of major fractions and subfractions of control serum were deter- 


_ mined in terms of dry weight and as nitrogen. Fractions II+III and V 


are present in greatest amounts. The two pure y-globulins, [I-1,2 and 
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]J-8, comprise a large part of fraction I1+I111. About one-half of the 
total albumin in fraction V could be obtained in pure form. 

Turpentine and Sulfur Mustard—Electrophoretic studies of the whole 
sera of goats treated with turpentine and sulfur mustard showed that the 
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Fia. 3. Ascending pi ett patterns of fractions of sera from control and 
injured goats. 


percentage distribution of various protein components is affected slightly 
after injury. The percentage of 8-globulin increases in fractions I[+III 
and III-0 of turpentine and H-gassed goats, but this is not observed in 
animals treated by cutaneous application of H. Increases are also seen in 
8-globulin in fractions IV and IV-B; these differences can be seen in the 
electrophoretic patterns (Fig. 3). Daily analyses for the percentage 
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distributions and concentrations of proteins of whole sera in individual 
gassed goats are presented in Table II. The albumin decreases immedi- 




















TABLE II 
Distributions and Protein Concentrations of Serum Proteins of Goat Exposed to 
Ct 71,000* 
Days after Per cent distribution Gm. protein per 100 ml. serum 
treatment Sy SEP er BS GaN 
Albumin | =| ay | 8 7 Albumin } a | wr 8 44 
0 & | 6 | (Ob : | 3.7 | 038 (1.0 |0.3 | 14 
in ae ie ‘ of =; | sme a \0.8 | 0.4 | 1.7 
2 37 «|| #13 14 oe) SA. 0.7 |0.8 (0.6 | 1.5 
3 42 | 14 12 ee hol) 1 28-1. 20 108 114 | 84 
5 39 | 14 | 2 | 4 | 19 | 2.9 | 1.0 | 0.9 | 1.0 | 1.4 
6 40 | «18 11 | 15 | 20 2.5 | 0.8 (0.7 | 0.9 | 1.3 
*The expression n Ct represents the mg. of mustard (C) multiplied by the time in 


minutes (¢) per cu.m. 








Taste III 
Electrophoretic Analyses of Sera of Burned Goats 
Per cent distribution* Gm. N per 100 ml. serum 
Run No. we s after a ain eee ae SRS omic 
eel Eafe ea 
eT en ee ee ee eS Le (kena em ee as aessaank 
binbe@® + 9 | 11 6 | 27 | 0.58 0.11 | 0.14 | 0.08 | 0.34 
Lal 44 | 12 | 14 6 24 | 0.46 0.13 0.15 | 0.06 0.25 
2 36 | 16 | 15 | 10 | 23 | 0.87 | 0.16 | 0.15} 0.10 0.23 
2 0 30 | 18 | 9 | 12 | 36 | 0.37 | 0.16 | 0.11 | 0.15 | 0.44 
1 2% | 13 | 18 | 14 | 34 | 0.26! 0.13 | 0.13 | 0.14 | 0.34 
Ba 23 13 | 11 | 26 | 27 | 0.27 | 0.15 | 0.13 | 0.30 | 0.32 
$3 | 0 46 9 | 138 6 26 | 0.51 | 0.10 | 0.14 | 0.07 | 0.29 
1 | #4 | 1 | 15 7 | 23 | 0.43 | 0.11 | 0.15 | 0.07 | 0.23 
2 | 8 | 16 | 16 9 21 | 0.86 | 0.15 | 0.15 | 0.09 | 0.20 
| 8 | 3% | 19 | 15 | 11 | 20 | 0.82 | 0.18 | 0.14 | 0.10 | 0.19 
a i. 39 | 12 | 138 8 28 | 0.44) 0.14 0.15 | 0.09 | 0.32 
1 30 | 138 | 4 7 | 26 | 0.38 | 0.13 | 0.14 | 0.07 | 0.25 
bis 35 | 17 | 14 9 25 0.34/|0.16 | 0.14 0.09 0.24 
| ee 33 17 16 4 2 0.32 0.17 0.16 0.10 0.20 


re 


° ® Ascending boundaries. 


ately and remains low; the a;- and 6-globulins increase and remain eleva- 
ted during the period of observation. 

The yields of fractions in terms of dry weight and in nitrogen for a goat 
injured with turpentine indicate that this injury is responsible for an 
absolute increase in the amount of fraction II+III and a decrease in 
albumin. Subfraction III-0, which contains most of the 8-globulin of 
II+TIII, increased above the corresponding values for the control animal. 
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Thermal Injury—Electrophoretic analyses of the whole sera of severely 
burned goats show that the albumin and y-globulin decrease, while the 
a- and 6-globulins increase slightly (Table III). Nitrogen determinations 
indicate that the absolute amounts of albumin and y-globulin decrease in 
each of four burned goats. The 8-globulin concentrations increased in 


TABLE IV 
Lipide Analyses in Serum Protein Fractions of Control Goat 








Total choles- | Free choles- | Phospholipide | _.. | Carbon of lipide 
Fraction "cel Cc | at oe ipide | Total lipide C Prec oo ¢ = _ 
on. bee eal gm. per ct | pattem | oupwemt ) sume 
Serum 0.78 0.13 0.60 2.34 76 
1I+111 0.86 0.23 ma ji 2% 79 
IV 0.94 0.11 | 0.97 | 3.05 78 
IV-4t | 1.62 | 0.48 | 1.34 4.35 | 85 
V 0.55 0.06 0.57 | 1.70 84 
II-1,2 0 0 | 0 0.45 0 
11-3 0 0 | 0 0.69 0 
[11-2 9472 | @3 1.41 7.35 67 
111-3 0.64 0.2 0.53 | 3.00 48 
IV-W,1 1.29 | 0.16 ' 1.00 2.88 | 104 
IV-A 2.62 | 0.20 | 2.37 7.70 83 
IV-B 0.32 | 0.04 0.06 0.48 103 
IV-4A 0.94 0.10 0.59 2.07 98 
IV-4B 0.72 0.08 0.39 1.38 108 
IV-4C 0.66 0.10 0.89 | 2.32 81 
V-l 2.33 0.38 1.87 5.86 | 92 
V-2 0.23 0.03 0.60 2.58 | 38 
V3 0 0 | 0 | 0.55 | 14 


* Cholesterol + phospholipide + ester cholesterol fatty acid carbon (gm. per 
cent). 


t Includes IV-4,1. 


only one goat and the concentration of a-globulin nitrogen increased 
slightly in three of the four experiments. 

Sera obtained from goats 12, 24, 48, and 72 hours after burning were 
fractionated. The percentage distribution of the proteins determined 
from the electrophoretic pattern showed no outstanding change. 

Lipide Analyses—The data for total lipide C, total and free cholesterol, 
and phospholipide for the serum, main fractions, and subfractions of 
control and injured goats are shown in Tables IV and V. The concentra- 
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tions of the lipide constituents of goat serum fractions are low compared 
to those observed for similar fractions of dog serum. 

In the control serum (Table IV), fractions III-2 and IV-A have the 
highest total lipide C concentrations of 7.4 and 7.7 per cent respectively. 
The lowest values are observed for the two electrophoretically pure y- 
globulins, II-1,2 and II-3, and the ae-globulin-rich fraction IV-B and pure 


TABLE V 
Lipide Analyses of Sera and Fractions of Goat at Varying Intervals after Burning 





Carbon of lipide 


Total choles- | Free choles- sas y staal Total ite eonstibunnte 


Fraction After burn | terol C terol C Pennine 
hrs. gm. per cent gm. per cent | gm. per cent | gm. per cent | per cent 

Serum 12 | 0.64 | 0.13 0.02 1.56 | 74 
II+ITI , 0.97 0.21 0.04 1.39 | 106 
IV | | 1.85 0.18 | 0.82 3.15 | 91 
IV-4t | 0.75 0.09 0.34 1.72 87 
V 0.14 0.03 0.05 0.38 68 
Serum 24 | 0.79 0.15 0.24 | 2.07 69 
II+III | 0.93 Os |. 1.88 

IV | 3.00 | | 1.45 4.54 

IV-4 | 0.89 | 2.13 2.72 

V | 0.03 | 0.20 | 0.92 

Serum 48 | 0.69 0.30 | 2.24 

II+II1 | 1.15 0.31 {| 0.10 | 1.70 | 104 
IV | 1.09 0.22 0.59 2.87 76 
IV-4 1.48 0.28 1.21 3.80 80 
V 0.14 0.03 0.12 1.28 24 
Serum 72 0.80 0.14 0.37 2.69 59 
II+III 1.36 0.26 2.20 

IV 2.26 0.32 1.75 5.34 97 
IV-4 0.88 0.13 0.67 2.70 75 


V 0.04 0.02 0.42 





* Fractions [V-4 and V obtained by modified procedure. 
t Includes IV-4,1. 


albumin V-3. The percentage of free cholesterol is greatest in fraction 
II+III and its subfractions, and the variations in concentration are 
roughly proportional to those of the total lipide C. The two pure y- 
globulins and albumin contain no cholesterol. The phospholipide con- 
centrations of the different fractions show large variations. The total 
lipide carbon can be accounted for as cholesterol and phospholipide in 
three of the fourteen fractions shown in Table IV. It is assumed that 
lipide unaccounted for is present as fatty acids or neutral fat. 

The lipide analyses of fractions obtained from the serum of goats treated 
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by cutaneous application of H indicate that no outstanding changes occur 
in lipide distribution. 

Data for the lipide analyses of the main serum fractions of goats sacri- 
ficed at intervals of 12, 24, 48, and 72 hours after being burned are shown 
in Table V. The percentage concentration of total cholesterol of whole 
serum remains fairly constant. After the animal has been burned, the 
cholesterol content of fraction V decreases and the substance is present 
only in traces. 

The phospholipide concentrations of the whole sera are consistently 
lowered. The phospholipide values for all fractions are markedly de- 
creased 12 hours after injury; the values for fractions I[+III and V re- 
mained depressed during the period of observation; results obtained for 
fractions 1V and IV-4 are variable. The total lipide carbon concentrations 
of the whole sera remain fairly constant but differ considerably in the 
various fractions. Constant decreases are noted for fractions 1V-4 and V 
after injury. 

Hexosamine—The hexosamine concentrations of many of the fractions 
of control and injured animals were determined but are not listed. The 
lowest value for a main fraction is 0.72 per cent for fraction V; the pure 
albumin (V-3) has a value of 0.16 per cent. The highest value of 2.9 per 
cent is obtained for fraction IV-4A, which is composed chiefly of a-glob- 
ulin. The remaining values vary between 1.1 and 2.0 per cent. A 


value of 2.8 per cent was obtained for a y-globulin-rich fraction (IV-4) 
in dog serum. 


DISCUSSION 


Severe injury in the goat causes relatively small changes in the distri- 
bution of the protein components of whole serum or its fractions and in 
lipide concentrations. This is in contrast to the marked changes noted for 
the protein and lipide distributions and concentrations in the sera of 
injured dogs. These differences between the response of the goat and dog 
to injury may reflect the differences in the lipide metabolism in herbivorous 
and carnivorous species. It may be postulated that lipides may be as- 
sociated with the synthesis of certain plasma proteins. From these ex- 
periments with the goat, it can be assumed that results obtained for the 
proteins of goat plasma cannot be applied to other species. 


SUMMARY 


New procedures are described for separating fractions IV, IV-4, and 
V and their subfractions from goat serum according to principles 
presented by Cohn and his associates. Modifications are necessary 
because of the unusual solubility of goat serum albumin. 
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The mobilities and percentage distribution of the main and subfractions 
of sera of control and injured (turpentine, bis(8-chloroethy])sulfide, and 
heat) goats are presented. Two y-globulins and albumin can be obtained 
in electrophoretically pure form. In addition, fractions extremely rich 
in a- and a-globulins can be isolated. Analyses for total and free choles- 
terol, phospholipide and total lipide carbon, and hexosamine are presented 
for the sera and fractions of control and injured goats. Only small changes 
are seen in the concentrations of these lipide components after injury. 


The authors are indebted to Margaret Gay, Paula S. Gjessing, Frances 
H. Haigh, Florence L. Jones, and Elizabeth A. Lentz for technical as- 
sistance. 
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A CELLULOLYTIC ENZYME PREPARATION FROM 
MYROTHECIUM VERRUCARIA 


By P. R. SAUNDERS,* R. G. H. SIU, anv R. N. GENEST 
(From the Quartermaster Research and Development Laboratories, Philadelphia) 


(Received for publication, February 14, 1948) 


Cellulolytic enzyme preparations active against various forms of cellulose 
have been reported by a number of investigators who have'used a variety 
of different sources (8). Fungi which have been employed for the prepa- 
ration of such extracts are Sporotrichum carnis (15), Aspergillus oryzae 
(3, 2), Merulius lachrymans (9), and Coniophora cerebella (7), while bacteria 
have included Bacterium protozoides (5), Bacterium bosporum (5), Cellulo- 
bacillus myxogenes (14), Cellulobacillus mucosus (14), Plectridium cellulo- 
lyticum (10), several species of Cytophaga (1), and various thermophilic 
cellulose-decomposing bacteria (11). In addition, active cellulolytic 
extracts have been prepared from the intestinal juice of the snail Helix 
pomatia (6), from green malt (12), and from the protozoon Eudiplodinium 
neglectum which was isolated from cattle rumen (4). Although the data 
presented by several of these investigators are certainly suggestive of true 
cellulolytic enzyme activity, nevertheless these workers in general have not 
conclusively established the cell-free nature of their preparations. This is 
of considerable importance in view of failure of other investigators to obtain 
cell-free cellulolytic enzymatic preparation from fungi. Questions were 
raised as to the possibility of bacterial or fungal contamination during the 
period (usually several days or more) of testing for cellulolytic activity. 

The present paper describes the preparation and some of the properties 
of a cell-free cellulolytic enzyme from Myrothecium verrucaria, which has 
been shown to be one of the most active of the cellulose-destroying fungi 
isolated from deteriorated fabrics (16). 


EXPERIMENTAL 


Preparation of Enzymatic Extract—300 gm. of filter paper (E and D No. 
615) were ground through a 40 mesh sieve in a Wiley mill and autoclaved 
in a 5 gallon Pyrex bottle, to which were added 10 liters of a sterile mineral 
solution of the composition shown in Table I. After cooling, the flask was 
inoculated with 100 ml. of a spore suspension of Myrothecium verrucaria, 
United States Department of Agriculture No. 1334.2, containing about 


* Present address, School of Medicine, University of Southern California, Los An- 
geles, California. 
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80,000 spores per ml., from a 3 week culture of the fungus grown on filter 
paper. Sterile aeration was provided by passing the air through a water 
tower and a cotton filter at a rate of about 500 ml. per minute. At the 
same time, the bottle was shaken at a rate of about fifteen rotary cycles per 
minute in order to keep the ground filter paper in suspension. The entire 
set-up was kept in a room maintained at 30°. After 10 days incubation the 
cellulose-mycelium mixture was filtered on a Biichner funnel, and the 
yellow filtrate containing the bulk of the cellulolytic activity was stored 
at 5° in the presence of toluene as an antiseptic. No appreciable loss of 
activity was observed over a period of several months. 


Testing Method for Cellulolytic Activity 


An index of cellulolytic activity of the different preparations was ob- 
tained by the amount of reducing substances formed from cellulose under 


TABLE | 


Composition of Mineral Solution 





gm. | még. 


KH;PO, 0.20 Fes(SO,)3-6H2O 0.054 
K,HPO, | 0.15 (NH,4)P(Mo3Qi0)4 | 0.024 
NaH,.PO,:H,0 To..,..1 ZnSO,-7H,0 | 0.050 
Na:HPO, 1.50 | CuSO,-5H,0 | 0.0025 
NH.NO; 0.60 | MnSO, | 0.0055 
NaNO; 3.80 | H;BO; | 0.057 
| ae 

MgSO,:7H:0 0.30 | H,0 1000 








standard conditions. In the test, 5 ml. of the dialyzed test solution were 
added to 5 ml. of a 0.05 m phosphate buffer (pH 5.0) and 100 mg. of de- 
waxed cotton, which had been pulverized in a ball mill for 24 hours. 5 
drops of toluene were added as an antiseptic to the mixture in a 125 ml. 
Erlenmeyer flask. After incubation for 4 days at 30°, the mixture was 
filtered and the amount of reducing sugars in the filtrate was determined by 
titration (13). 

In order to insure that the action of the cellulolytic enzymes and not of 


contaminating microorganisms is determined by the method, aliquot | 


samples of the enzyme solution were tested with and without sterilization 
by Berkefeld filtration, as well as with and without the addition of fungal 
spores to the test flasks. The results given in Table II clearly show that 
the conversion of cellulose into reducing sugars is not brought about by 
contaminating organisms. 

The percentage of cellulose breakdown, when cellophane and pulverized 
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filter paper and cotton were used as substrates, was also determined in 
several experiments by loss in weight of cellulose, and the values so ob- 
tained checked within 20 per cent with those obtained by titration, assum- 
ing glucose to be the product of the enzymatic hydrolysis. 


Properties of Enzyme Preparation 
Extracellular Nature—Experiments were conducted to determine whether 


the cellulolytic enzyme (or enzymes) was intra- or extracellular in nature. 


Taste IT 
Cell-Free Nature of Cellulolytic Preparations 





| | 
| 
Treatment of enzyme preparation Spores added Toluene added | Pe ae 
| 


= | 








per cent 


11.8 
12.8 
9.0 
10.5 
| 0 
0 | 0 


Untreated 


oo: 





Berkefeld filter 


cot+o 


> 


Control 


-_-OoO-;- Oe 


* Calculated from the reducing sugar formed, assuming glucose to be the only 
sugar present. 

















TaB.eE IIT 
Cellulolytic Activity of Metabolic Filtrate and Mycelial Extract of Myrothecitum 
verrucaria 
Per cent cellulose breakdown : 
Substrate ~ Metabolic Mycelial 
filtrate one | (a) + (6) 
(2) a 
Ground niente inkvetent eh ae eee 28.0 Bi 
Pulverized filter paper. ..................4. 8.0 | | 
DG. DRI s ss BO 14.5 a | 








Myrothecium verrucaria was cultured for 5 days on ground filter paper in 
the manner described above. The metabolic mixture was filtered, giving a 
clear yellowish filtrate and a residue of mycelium and undigested cellulose. 
The residue was ground with sand in a volume of culture medium equiva- 
lent to the filtrate originally present. A third test solution was made 
through a combination of the first two. The three solutions were dialyzed 
against distilled water for 24 hours in cellophane tubing and tested for 
cellulolytic activity with different substrates. Results of the 5 day test 
are given in Table III. The figures obtained strongly suggest that the 
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cellulolytic activity is present in the filtrate and not in the mycelium. The | 


low activity in the so called ‘mycelial extract” may be due to the filtrate 
absorbed by the residue of mycelium plus undigested cellulose. 

Temperature Stability and Optimum—lIn testing for heat stability, aliquot 
portions of the same preparation at pH 6.0 were kept for 10 minutes at 
different temperatures and then tested for activity. Results are given in 
Table IV, which indicate that 50° is the threshold value at which inactiva- 
tion begins. 


TABLE IV 


Heat Stability of Cellulolytic Preparation 





Temperature (10 min. standing) Cellulose breakdown 














. per cent 
22 13.1 
30 13.2 
40 13.5 
50 8.4 
60 | Bt 
70 | 0.0 
TABLE V 


Temperature Optimum of Cellulolytic Preparation 











Incubating temperature | Cellulose breakdown 








%. per cent 
0 | 4.7 
3 6.2 

25 13.9 

31 13.9 

40 16.0 

50 4.2 


The optimum temperature for enzymatic action was studied by incu- 
bating the enzyme-buffer-pulverized filter paper mixture for 4 days and 
determining the percentage conversion of cellulose into reducing sugars. 
The results show an optimum around 40° (Table V). 

pH Stability and Optimum—tThe stability of the crude enzymatic solution 
was also studied. Different solutions were adjusted to their respective pH 
values with dilute hydrochloric acid and sodium hydroxide, allowed to 
stand for 48 hours, readjusted to pH 5.0, then assayed for cellulolytic 
activity in the usual manner. The results of the experiment, given in 
Table VI, show rapid inactivation beyond the limits of pH 5.0 and 9.0. 
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A series of 0.05 m phosphate buffers of pH 4.0, 5.0, 6.0, and 7.0 was pre- 
pared to determine the pH at which the greatest rate of cellulolytic action 
takes place. Various enzymatic aliquot solutions were adjusted with 
phosphoric acid and sodium hydroxide to the same respective values. The 
cellulolytic activity at these various pH values was tested against the 
pulverized dewaxed cotton in the usual way. The results in Table VII 
indicate a pH optimum of 5.5. 




















TaBLe VI 
Stability of Enzymatic Preparation at Different pH Values 
pH (48 hrs. standing) | Cellulose breakdown 
a are a ES per cent J wre! 
1.0 0.0 
3.0 2.7 
5.0 8.5 
7.0 11.6 
9.0 8.4 
11.0 0.0 
13.0 0.0 
TaBLeE VII 
Optimum pH of Cellulolytic Enzymes 
pH | Cellulose breakdown 
Bees aad “a nai per cent - 
4.0 8.5 
5.0 | 14.3 
6.0 | 14.2 


7.0 | 6.9 





Concentration Curve—Dialyzed metabolic filtrate from Myrothectum 
verrucaria grown on ground filter paper was concentrated at 20 mm. 
mercury vacuum at a bath temperature of 40-50° for 6 hours to one- 
fiftieth of its original volume. Different dilutions of this concentrate were 
tested for their cellulolytic rates against pulverized filter paper. The 
results are plotted in Fig. 1. 

Product of Enzymatic Breakdown—250 ml. of the enzymatic preparation 
and 250 ml. of 0.05 m phosphate buffer, pH 5.0, were added to 5.0 gm. of 
pulverized dewaxed cotton. After the addition of 10 ml. of toluene as an 
antiseptic the stoppered Erlenmeyer flask was incubated for 14 days at 
30° with daily gentle shaking. Shaffer-Somogyi titration of the metabolic 
filtrate at the end of the incubation period showed a conversion of 22.9 per 
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cent of the cellulose into reducing sugars, calculated as glucose. 100 mi, 
of the filtrate, containing 250 mg. of glucose according to the titration, 
were concentrated in vacuo to 7 ml. The osazone was prepared with g 
yield of 215 mg., and after two recrystallizations from 50 per cent ethanol, 
melted at 201-203°.! A simultaneously prepared glucosazone showed , 
melting point of 200-202° with a mixed melting point of 197-201°. Cell. 
biosazone gave a value of 196-198° and a mixed melting point of 180-185". 
These data clearly indicate that glucose is one of the main products from 
the enzymatic breakdown of cellulose. 





a <> m i) 
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10 20 30 40 50 
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Fic. 1. Effect of enzyme concentration on rate of cellulolytic action 


SUMMARY 


A method has been described for the preparation of a cell-free enzymatic 
preparation from the fungus, Myrothecium verrucaria, capable of degrading 
cellulose. The cellulolytic enzyme (or enzymes) was extracellular, with 
an optimum temperature of 40° and an optimum pH of 5.5 when acting on 


cotton. It is rapidly inactivated at temperatures above 50° and at values | 


beyond the limits of pH 5.0 and 9.0. The main breakdown product from 
cellulose was shown to be glucose. 
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THE UTILIZATION OF PROLINE DERIVATIVES BY MUTANT 
STRAINS OF ESCHERICHIA COLI* 


By SOFIA SIMMONDS anp JOSEPH 8. FRUTON 


(From the Departments of Botany and Microbiology and of Physiological Chemistry, 
Yale University, New Haven) 


(Received for publication, March 4, 1948) 


It has been reported recently (1, 2) that phenylalanineless, tyrosineless, 
and leucineless mutant strains of Escherichia coli may utilize, for growth, 
peptides of the appropriate amino acid. These peptides do not exhibit 
any greater growth-promoting action, however, than is shown by the parent 
amino acids. It was suggested, therefore, that, prior to utilization for 
growth, the peptides are hydrolyzed by the bacterial enzymes, thus liber- 
ating the amino acid required as a growth factor. In the present com- 
munication there are reported the results of a study of the utilization of 
peptides by two prolineless mutant strains of Escherichia coli. Of especial 
interest is the finding that, for one of these two strains, proline peptides 
are much more effective growth factors than is proline itself. 

The origin of the two proline-requiring mutants (strains 679-183 and 
679-662) has been described by Tatum (3). Both strains are double mu- 
tants of Escherichia coli strain K-12, and require threonine as well as proline. 
The present discussion will be limited to the proline requirement, and all 
tests were made in the presence of ample pi-threonine (0.5 mg. per 10 ml. 
of medium) to support optimal growth. 

As reported by Tatum (3), the mutants exhibit different requirements 
for proline; strain 679-183 grows only in the presence of proline, while 
strain 679-662 can use glutamic acid in place of proline. Neither strain 
can use ornithine, arginine, or hydroxyproline in lieu of proline (3). For 
convenience, strain 679-183 will be referred to here as strain I, the proline- 
requiring mutant, and strain 679-662 will be termed strain II, the proline- 
glutamic acid-requiring mutant. The availability of two such mutants 
has made it possible to compare the utilization of the same peptide by 
strains which differ in their growth requirements and, also, to compare the 
efficacy of peptides of proline or glutamic acid as growth factors for a single 
strain which grows in the presence of either amino acid. 

The rate of growth of the two strains in a complete synthetic medium is 
quite different; in the presence of proline, the growth of strain I is consider- 
ably more rapid than that of strain II in the presence of proline or of glu- 


* These studies were aided by grants from the Williams-Waterman Fund of the 
Research Corporation and from the Rockefeller Foundation. 
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tamic acid. Essentially complete growth of strain | is obtained within 24 
hours at 30° or within 48 hours at 25°, while with strain II 64 hours are 
required for complete growth at 25°. 

Another difference between the two mutants lies in the stability of the 
mutations responsible for the proline requirement. Strain I is quite stable 
and may be cultured for 3 days at 30° without any detectable change in its 
proline requirement. Strain II, however, is relatively unstable and oftey 
loses its proline-glutamic acid requirement in 48 hours at 30° or in 72 hours 
at 25°. While the strain apparently regains the ability to synthesize pro. 
line and glutamic acid, it does not show any change in its requirement for 
threonine. 

Since it was desirable to compare the activity of proline peptides ag 
growth factors for strains I and II, growth tests with both strains were 
conducted in colorimeter tubes incubated at 25° for a total of 64 hours, and 
the extent of growth was measured at 48 and 64 hours by density determi- 
nation with the Evelyn photoelectric colorimeter. Even under these con- 
ditions, however, strain II occasionally reverted to the prototroph 
Therefore, at the same time that the density was measured, routine tests 
for such reversion were made by sterile transfer of a loopful of the bacterial 
suspension from the colorimeter tube to 10 ml. of minimal medium (con- 
taining threonine). Detectable growth in the minimal medium after 24 to 
36 hours incubation at 25° was taken as evidence for the loss of the mu- 
tation. When this occurred, the compound was retested until reliable 
data were obtained. 

In all other respects, the methods employed for the study of the growth- 
promoting activity and of the possible sparing action of test compounds, 
as well as for the determination of the quantity of active compounds re- 
quired to produce half maximal growth of the mutants, were similar to 
those described previously for the leucineless mutant of Escherichia coli (2), 
As before, the relative activity of a peptide or amino acid derivative as 
compared to that of the parent amino acid was calculated from growth 
curves obtained at the same time. 

Under the specified experimental conditions, the quantity of L-proline 
required by strain I for half maximal growth in 48 hours is 0.24 micromole 
per 10 ml. of medium and, at 64 hours, it is 0.23 micromole. Strain II 


required, for half maximal growth at 48 hours, 0.56 micromole of L-proline | 


or 1.9 micromoles of L-glutamic acid. At 64 hours the requirement of strain 
II is 0.44 micromoles of L-proline or 0.44 micromole of L-glutamic acid. It 
may be seen from these values that, although the efficacy of proline and 
glutamic acid as growth factors for strain II is the same at the end of 64 
hours, the response to glutamic acid is very much less than is the response 
to proline when the two are compared at 48 hours. 
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It has been noted previously (4, 5) that some proline peptides readily 
undergo cyclization to form diketopiperazines. In testing such peptides 
for their utilization by the mutant strains of Escherichia coli, it was essential 
that solutions of the test substances be sterilized by filtration through a 
bacterial filter rather than by autoclaving. 


Response of Strain I to Proline Derivatives 


Proline Peptides—As shown in Table I, all of the di- and tripeptides 
tested with strain I under the conditions outlined above were found to be 


TaBLeE [ 
Response of Strain I to Proline Peptides 


Unless otherwise noted, all proline peptides were tested by adding filter-sterilized 
solutions of the test compound to autoclaved media. 





Quantity, per 10 ml., for half maximal growth 








Compound* 
48 hrs. | 64 hrs. 
| micromoles | micromoles 

TS  Seepreterine es aOR So | 0.24 | 0.28 
u-Prolylglycine (4, 7) . hia ewes ae 0.12 , 0.09 
u-Proline + glycine.........................| 0.24 ofeach | 0.23 of each 
t-Prolyl-t-leucine (4, 7)....................-] 0.18 0.17 
t-Prolyl-t-glutamic acidf.............. Jvieead) ie 0.08 
t-Proline + u-glutamic acid................| 0.240feach | 0.25 of each 
t-Prolyl-u-tyrosine (4,7). ........-...se00-- 0.12 | 0.09 
Glyeyl-u-proline (8)..... ee ee se 62 2p 0.14 | 0.115 

“ "ay Lat EN A 0.84 0.39 
Glyeyl-L-proline diketopiperazine (5)f....... | 24 (Ca.) 17.3 
Glycyl-L-prolylglycinet rrr | 0.075 0.07 
Diglycyl-u-proline (5)................eese0e. 0.10 0.06 


* The figures in parentheses refer to bibliographic reference numbers. 
t The synthesis of this compound is described in the text. 
t The solution of this substance was sterilized by autoclaving. 





more active than proline. This increased activity is observed at both the 
48 and 64 hour readings, as is noted in Table I, and is detectable within 24 
hours as well, although complete growth is not attained at this time. It 
may be added that the relative activity of L-prolyl-L-glutamic acid is exactly 
the same when the tests are conducted at 30° as that noted at 25°. 

The effect of autoclaving on the activity of proline peptides may be seen 
from the data given in Table I for glycyl-L-proline. Although glycyl-.- 
proline diketopiperazine is an active growth factor for strain I, it is about 
150 times less active than is a filter-sterilized solution of the free dipeptide. 
When the latter compound is autoclaved, it loses much of its activity and 
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this loss may be ascribed to the formation of the diketopiperazine during | 


heating in the autoclave. It would appear that the diketopiperazine ring 
must be opened by the mutant before the cyclic compound can be used for 
growth. 

The high relative activity of all of the proline peptides for strain I cannot 
be due merely to the fact that they provide a source of amino nitrogen, oy 
an amino acid other than proline. The data in Table I show that, when 
proline is supplemented with equimolar amounts of glycine or of L-glutamic 
acid, the effect on growth is no greater than that caused by L-proline alone, 
A reasonable explanation of the data seems to be that, in the case of strain 
I, the proline peptides can be utilized as such and may be incorporated into 
cellular proteins without prior hydrolysis to yield proline. 

The activity of proline peptides for strain I is not a general phenomenon 
for the biochemical mutants of Escherichia coli strain K-12. As will be 
shown in a later section of this paper, strain II does not exhibit the same 
growth response to proline peptides as that found for strain I. Further. 
more, tests with a tyrosineless strain (1) showed that L-prolyl-L-tyrosine is 
no more active for this strain than is L-tyrosine, and, in the case of a leucine. 
less mutant (2), u-prolyl-L-leucine is no more active than is L-leucine, 
However, when the prolineless strain 58-6317 (9), which requires proline 
and biotin but not threonine, was tested with L-proline, L-prolylglycine, 1- 


prolyl-L-tyrosine, L-prolyl-t-glutamic acid, and tL-proline supplemented | 


with t-glutamic acid, the results were identical with those obtained with 
strain I. This may be taken as evidence to show that, although the Fs- 
cherichia coli strains I and 58-6317 differ with respect to their requirements 
for biotin and threonine, the mutation responsible for the proline require- 
ment is the same in the two mutants. 

Other Proline Derivatives—In addition to the peptides listed above, a 
number of other compounds containing proline were tested for their effect 
on the growth of strain I. It will be noted from Table II that the relative 
activities of prolinamide, acetylproline, carbobenzoxyglycylproline, and 
carbobenzoxyprolylproline are similar to the data obtained for analogous 
derivatives of tyrosine, phenylalanine, and leucine when these were tested 
with the appropriate mutants (1, 2). It is of interest that prolinamide 


appears to undergo transformation when it is autoclaved in the minimal _ 


medium. ‘The relatively high activity of such autoclaved preparations is 
in sharp contrast to the low activity of filter-sterilized solutions of this 
substance. It may be added that when prolinamide hydrochloride is 
autoclaved in water and the resultant solution is added to the autoclaved 
medium, it exhibits the same growth-promoting activity as does the filter- 
sterilized material. 


The behavior of acetyldehydrophenylalanyl-t-proline is also of special | 
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Tass II 
Response of Strain I to Derivatives of Proline 


Unless otherwise noted, the compounds were dissolved in the medium and steri- 
lized by autoclaving. 

In this table, — indicates that the compound was inactive at the specified time; 
+ indicates that the compound was active but did not give half maximal growth at 
the highest concentration used in the test. 


























Quastivy. fair 10 
Compound* maxiznal inal a cuanty,pe ied in | Remarks 
48 brs. | 64 hrs. | 
= = micromoles 
L-Proline 0.24) 0.23 
t-Prolinamide-HCl (5) 9.8 6.7 
ss t _ + 19.9 (0.1) 
Acetyl-u-proline (10) - - 19.1 No sparing action 
Carbobenzoxy-t-prolyl-.-pro- oa + 14.5 [0.07] 
line (4) 
Carbobenzoxyglycyl-.-proline + 26.1 {0.18} 
(8) | } 
Acetyldehydrophenylalany!- 4.3 4.1 
u-proline (11) 
Acetyldehydrophenylalany]! - i - + + 16.5 [0.05] 
proline 
Acetyl-L-phenylalanyl-L-proline + + | 9.9 [0.06] | 
(11) 
Dehydrophenylalanyl-t-proline | — — | 17.6 | No sparing action 
diketopiperazine (12) | | 
Hydroxy-t-proline (6) | — | =— | 3.1 ? " “a 
Glyeylhydroxy-t-proline (9)t | -— | — | 26.6 a “ 
L-Arginine- HCl | —- | — | 148 fa “ 
t-Ornithine-2HCl - |}; = 14.6 ais " 6s 
L-Glutamic acid - | = 6.8 _ oe “ 
L-Glutamine (13)f - | = 6.9 S “ as 
L-Glutamyl-L-glutamic acid (14) -;,; - 3.6 = " “ 
Glyeyl-u-glutamic acid (15) Pictistie past 16.1 ‘ ” 





* The figures i in parentheses refer to bibliographic reference numbers. 
t The figures in brackets denote the amount of proline, in micromoles per 10 ml., 


which produces the growth obtained with the maximal quantity of test substance 
employed. 


tA filter-sterilized solution of this substance was added to the autoclaved me- 
dium. 


interest. When a filter-sterilized solution of this compound is used, the 
growth of strain I is extremely slow. However, when the compound is 
dissolved in the minimal medium and sterilized by autoclaving, it exhibits 
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a marked growth-promoting action. On the other hand, similarly auto- 
claved solutions of acetyl-L-phenylalanyl-L-proline have very slight ac- 
tivity and dehydrophenylalanyl-L-proline diketopiperazine is inactive. It 
appears likely that, in the process of autoclaving, acetyldehydropheny]- 
alanylproline is hydrolyzed (16) to yield the corresponding ketoacylamino 
acid, phenylpyruvyl--proline, which might then be responsible for the 
observed activity. If this were so, strain I could either hydrolyze pheny]- 
pyruvylproline to give proline or aminate it to form phenylalanylproline. 
In this connection it may be noted that previous work (1) has shown that 
the phenylalanineless mutant could not utilize phenylpyruvylglycine in 
place of phenylalanine, and this observation was taken to indicate that this 
strain was unable either to hydrolyze or to aminate the ketoacylamino acid, 
An autoclaved solution of acetyldehydrophenylalanylproline, which was 
active for strain I, was inactive for the phenylalanineless strain. 

The other compounds listed in Table I showed no detectable effect on 
the growth of strain I under the experimental conditions employed. 


Response of Strain II to Derivatives of Proline and Glutamic Acid 


As is shown in Table III, although the addition of L-proline to the mini- 
mal medium produces a much faster initial growth of strain II than does 
the addition of i-glutamic acid, the activity of these two amino acids is 
exactly the same on a molar basis when growth is complete at 64 hours. 
An equimolar mixture of proline and glutamic acid does not give as rapid 
growth as does the equivalent amount of proline; 0.36 micromole of L-pro- 
line plus 0.36 micromole of L-glutamic acid is needed to produce half max- 
imal growth in 48 hours while only 0.56 micromole of u-proline is needed 
to produce the same effect. The mixture, however, gives much more rapid 
growth than an equivalent amount of L-glutamic acid; the quantity of L- 
glutamic acid required for half maximal growth ia 48 hours is about 1.9 
micromoles. At 64 hours, the mixture has approximately the same ac- 
tivity as either of the amino acids alone. 

When proline and glutamic acid are supplied as the dipeptide L-prolyl- 
L-glutamic acid, the initial growth rate is very slow, and half maximal 
growth is not attained in 48 hours, even in the presence of 12.3 micromoles 
of the dipeptide. Rapid growth occurs in the period between 48 and 64 
hours, and at the time of the final reading the dipeptide is almost as active 
as a mixture of the constituent amino acids. It would appear, therefore, 
that the dipeptide is hydrolyzed before the proline and glutamic acid can 
be utilized for the growth of strain II. 

Other Proline Peptides—Unlike strain I, strain II utilizes peptides other 
than prolylglutamic acid very poorly. The compounds tested showed little 
or no activity in 48 hours and glycyl-t-proline and diglycyl-t-proline, 
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Response of Strain II to Derivatives of Proline and Glutamic Acid 
Unless otherwise noted, the compounds were dissolved in the medium and steri- 


lized by autoclaving. 


In this table, — indicates that the compound was inactive at the specified time; 
+ indicates that the compound was active but did not give half maximal growth at 
the highest concentration used in the test. 





Compound* 
| 


t-Proline 
u-Glutamic acid 
t-Proline + t-glu- 
tamic acid | 
L-Prolyl-u-glutamic | 
acidt | 
u-Prolinamide-HCIt | 
L-Prolylglycinet | 
t-Prolyl-u-leucinet | 
t-Prolyl-L-tyrosinet | 
Glycyl-u-prolinet 
Glycyl-u-proline di- 
ketopiperazine 
Diglycyl-L-prolinet | 
t-Glutaminet 
L-Isoglutamine (14) | 
L-Glutamyl-.-glu- | 
tamic acid 
L-Glutamy]-.L-phen- 
ylalanine (1) 
L-Glutamyl-L-tyro- | 
| 
| 
| 


sine (17) 
Glycyl-L-glutamic 
acid 
Glycyl-t-glutamic 
acid diketopiper- 
azine (18) 
Glycyl-L-glutamyl- 
L-tyrosine (19) 
Acetyl-L-glutamic 
acid (20) 
L-Arginine: HCl 
u-Ornithine-2HCl | 




















Quantity, per ee _. fee half Maximal 
maxima TOW i 
: quantity oe Remarks 
48 hrs. | 64 hrs. test | 
hinaalee, an  adeoamaiios micromoles 
0.56 0.44 | 
1.9 (Ca.) | 0.44 
0.36 0feach | 0.25 ofeach 
+ 0.31 12.3 
= _ 20.0 | No sparing action 
- + 17.4 [0.09]t 
+ 22 (Ca.) 22.0 
_ + 10.8 (0.2}t 
tt | 10 (Ca.) 17.4 
- - 19.5 | No sparing action 
+ 9 (Ca.) 19.4 
0.76 0.57 
tt | 20.5 (Ca.) 20.5 
0.95 | 0.35 | 
ae 0.70 10.3 
| 
+ | 0.75 10.3 
9.5 | 0.87 | 
| 
- | + | 26.9 [0.08]§ | 
+ + 8.2 [0.2]§ | 
- - 26.5 No sparing action 
a pe 14.3 rT ‘ rT 
nee pS | 14.7 | “cc “ee « 





* The figures in parentheses refer to bibliographic reference numbers. 
tA filter-sterilized solution of this substance was added to the autoclaved 


medium. 


The figures in brackets denote the amount of proline ({) and the amount of glu- 
tamic acid (§), in micromoles per 10 ml., which produce the growth obtained with 
the maximal quantity of test substance employed. 
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which exhibit the highest activity, are only about 5 per cent as active as 
L-proline at the time of the final reading. 

The response of strain II to proline peptides is unexpected in view of 
earlier experiments which showed that peptides have growth-promoting 
properties which compare favorably with those of the parent amino acids 
for the phenylalanineless, tyrosineless, and leucineless mutant strains of 
Escherichia coli. As will be shown below, strain II is able to use peptides 
of glutamic acid without difficulty and it is probable, therefore, that the 
ready utilization of L-prolyl-t-glutamic acid by this strain should be as- 
cribed to the presence of a glutamic acid residue in the peptide. The 
slight response of strain II to other proline peptides suggests that the mu- 
tation responsible for the proline-glutamic acid requirement may have 
altered in some way the ability of Escherichia coli to utilize peptides of 
proline. 5 

Glutamic Acid Derivatives—The data in Table ILL show that L-glutamine 
is superior to L-glutamic acid as a growth factor when the two are compared 
at 48 hours, but is slightly less active than the free amino acid at 64 hours. 
On the other hand, L-isoglutamine exhibits only slight activity, suggesting 
that the hydrolysis of the a-amide linkage is a prerequisite for the utili- 
zation of this substance. The low activity of isoglutamine is similar to 
that of the amides of the amino acids required by the mutants studied 
previously (1, 2). 

L-Glutamyl-L-glutamic acid proved to be the most active of the glutamic 
acid peptides investigated. On an equimolar basis, it is twice as active as 
L-glutamic acid at 48 hours but, at 64 hours, it shows only about 80 per 
cent of the activity of glutamic acid. The latter relationship was also 
found to exist between L-tyrosyl-L-tyrosine and L-tyrosine when these were 
tested with the tyrosineless mutant (1). 

The difficulty with which strain II utilizes proline peptides is brought 
out by a comparison of the activity of L-glutamyl-L-glutamic acid and of 
L-prolyl-t-glutamic acid. The mutant gives half maximal growth in 48 
hours with 0.95 micromole of glutamylglutamic acid but half maximal 
growth does not occur in the presence of as much as 12.3 micromoles of 
prolylglutamic acid. If one assumes that both dipeptides must be hy- 
drolyzed by the mutant prior to utilization for growth, and in view of the 
greater growth-promoting activity of proline as compared with glutamic 
acid, the presence of a proline residue in a peptide clearly reduces the rate 
at which strain II can hydrolyze the peptide. 

The other peptides of glutamic acid which were tested, with the ex- 
ception of glycyl-t-glutamic acid, showed little growth-promoting action 
during the first 48 hours. At 64 hours, however, all showed some activity, 
and the final values were similar to those found for the phenylalanine, 
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tyrosine, and leucine series in that the dipeptides are very active and the 
longer peptides less active. The data in Table III thus offer further evi- 
dence for the view that, in general, peptides are hydrolyzed by the bacterial 
enzymes before the constituent amino acids are utilized as growth factors. 
On the other hand, the response of strain I to proline peptides suggests 
that such hydrolysis may not be an obligatory step. The activity of pro- 
line peptides for strain I may be compared to that of strepogenin for certain 
hemolytic streptococci and for Lactobacillus casei (21-23). 

The relationship between glutamic acid and proline which is seen for 
strain II has already been established for the rat (24, 25) and for Peni- 
cillium notatum (26). Since strain II behaves like analogous mutant strains 
of Penicillium (26) and does not grow on ornithine (Table III), which is a 
postulated intermediate in the conversion of proline to glutamic acid in the 
rat (27), the apparent formation of glutamic acid from proline in Escherichia 
coli appears to resemble that suggested for Penicillium. However, Es- 
cherichia coli seems to differ somewhat from Penicillium with respect to the 
proline-glutamic acid relationship, since ornithine exerts a sparing action 
on the utilization of glutamic acid by appropriate mutant strains of Pent- 
cillium but not by strain IT. 


Synthesis of Test Compounds 


With the exception of two proline peptides, all the derivatives of proline 
or of glutamic acid used as test substances have been described previously. 

L-Prolyl-u-glutamic Acid—To a solution of 3 gm. of L-glutamic acid in 
20 ml. of 2 Nn NaOH, there were added, in small portions, an ethereal so- 
lution of carbobenzoxy-t-prolyl chloride (prepared from 2.3 gm. of L-pro- 
line by the method described in (4)) and 10 ml. of 2 N NaOH. The re- 
action mixture was shaken and chilled. At the end of the reaction, the 
solution was acidified with concentrated hydrochloric acid to yield a sirup 
which erystallized readily. This product (carbobenzoxy-t-prolyl-.-glu- 
tamic acid) was washed carefully with water and dried over phosphorus 
pentoxide (yield 3.2 gm.). 0.8 gm. of the carbobenzoxy compound was 
subjected to catalytic hydrogenation in the presence of palladium black. 
After carbon dioxide evolution had ceased, the catalyst was removed by 
filtration and the filtrate was evaporated to dryness. The resulting peptide 
was recrystallized from aleohol-water and dried at 100° in vacuo over phos- 
phorus pentoxide. 


CoHiOs;N2. Calculated. C 49.2, H 6.6, N 11.5 
244.2 Found. apa, * 6:7, ** 14.5 
la]p = —49.0° (2% in water) 


(lycyl-L-prolylglycine—To a solution of 0.86 gm. of L-prolylglycine (4, 7) 
in 5 ml. of Nn NaOH, there were added, in several portions, 1.4 gm. of carbo- 
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benzoxyglycyl chloride and 5.2 ml. of N NaOH. The reaction mixture was 
shaken and chilled. At the end of the reaction, the solution was acidifieg 
with concentrated hydrochloric acid to yield a sirup which was extracted 
with ethyl acetate. The ethyl acetate layer was dried over Na.SO, and 
evaporated in vacuo to give crystalline carbobenzoxyglycyl-L-prolylglycine, 
Yield 0.95 gm., m.p. 136-137°. This material contained 11.4 per cent N 
(theory for CyyH.O,N3, 11.6). On hydrogenation of 0.45 gm. of the carbo. 
benzoxytripeptide in the usual manner, there was obtained 0.26 gm. of the 
free peptide. When dried in air, the substance forms a dihydrate, For 
analysis, it was dried at 100° in vacuo over phosphorus pentoxide. 


CsH,;;04N3. Calculated. C 47.2,H 6.6, N 18.3 
229.2 Found. * 47.2, * 6.6, ** 18.3 
[a]3 = —109.2° (2% in water) 


The authors are indebted to Dr. E. L. Tatum for valuable advice in the 
course of this investigation. 


SUMMARY 


A mutant strain of Escherichia coli which requires an exogenous source 
of proline (strain I) and another mutant strain which requires an exogenous 
source of proline or of glutamic acid (strain II) have been studied with 
respect to their ability to utilize derivatives of these amino acids. Strain 
I was found to utilize peptides of proline much more effectively than pro- 
line. This is the first instance of a biochemical mutant strain of Escheri- 
chia coli which grows better in the presence of peptides of an essential amino 
acid than in the presence of the free amino acid. Although strain II grows 





more rapidly in the presence of proline than with glutamic acid, it utilizes - 


proline peptides much less readily than glutamic acid peptides, and neither 
proline peptides nor glutamic acid peptides are more active as growth 
factors than the parent amino acids. 
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UTILIZATION OF SULFUR-CONTAINING AMINO ACIDS BY 
MUTANT STRAINS OF ESCHERICHIA COLI* 


By SOFIA SIMMONDS 
(From the Department of Botany and Microbiology, Yale University, New Haven) 


(Received for publication, March 10, 1948) 


The production (1) of two double mutants of Escherichia coli which 
require for growth an exogenous source of a sulfur-containing amino acid 
and biotin has been described recently by Tatum (2). One strain, No. 
58-161, was classified as a methionineless mutant, and the other, No. 
f8-309, as a cystineless mutant. 

In the present communication, there are presented the results of a 
further investigation of the utilization of sulfur-containing amino acids 
by these two mutant strains. The experimental methods used were similar 
to those described earlier (3). In all tests, the culture media contained 
sufficient biotin (0.01 y per 10 ml.) to satisfy the requirement for that 
compound. Growth curves were obtained for all compounds which were 
active as growth factors, and compounds which would not replace methi- 
onine or cystine were tested for possible sparing action of the requirements 
for those amino acids. 


Methionineless Mutant—The data on the utilization of a number of ~ 


sulfur-containing compounds by strain 58-161 are given in Table I. It 
can be seen that the mutant grew in the presence of either L- or p-methi- 
onine. The quantity of each isomer necessary for the production of half 
maximal growth was the same, and the growth curves for the two forms 
were identical from the origin to the region of half maximal growth. At 
levels above that necessary for half maximal growth, p-methionine became 
progressively less effective than L-methionine, and, in this region, the 
growth curve for p-methionine rose less steeply than that for L-methionine. 
However, the maximal values of the two curves were the same. 

Methionine could be replaced as a growth factor by pi-homocystine, 
DL-homocysteine, 1L-cystathionine, and p-allocystathionine. The other 
isomers of cystathionine had only a trace of activity. NaS and Na,S.O; 
were completely inactive. 

Homocystine, as well as autoclaved preparations of homocysteine, 
showed much less activity than preparations of homocysteine sterilized by 
filtration under nitrogen. Since formation of homocystine from homo- 
cysteine undoubtedly occurs during the 24 hour incubation period used in 


* These studies were aided by a grant from the Williams-Waterman Fund of the 
Research Corporation. 
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the tests, the value for the quantity of filter-sterilized homocysteine neces- 
sary for half maximal growth probably is too high. 

Cystineless Mutant—As shown in Table II, cystine was the only com- 
pound capable of producing growth of strain 58-309. However, the cystine 


TABLE I 
Effect of Sulfur-Containing Amino Acids on Growth of Methionineless Mutant 


All cultures were incubated at 30° for 24 hours, and growth was measured by 
density determinations with the Evelyn photoelectric colorimeter. Total volume of 
medium for each test, 10 ml. Unless otherwise noted, compounds were added to 
the minimal medium prior to sterilization by autoclaving. 


Quantity, per 10 
Compound ml., for half Remarks 
maximal growth 





micromoles 
eer ere ere 0.071 
Det oa exis oe RS Leak 0.084 At higher concentrations p- 
methionine is less active than 
L-methionine 
pL-Methioninef...................-. | 0.071 
a ee 0.91 | No increase in activity on addi- 
| | tion of choline 
pi-Homocysteine$. ........0c..6.08 1.82 
as (filter-sterilized). .| 0.84 
u-Cystathionine§................... 0.065 
p-Cystathionine§. ..................| >9 
L-Allocystathionine§................ >9 
p-Allocystathionine$................ 0.060 
EL oa hack Sie. Soak a ea No activity or sparing action; 
largest quantity tested, 42 
micromoles 
NS a en ee | | No activity or sparing action; 
| largest quantity tested. 40 


| micromoles 





* Kindly supplied by Dr. J. S. Fruton. 

t Eastman Kodak Company preparation. 

¢t Prepared by the method described in (4). 

§ Kindly supplied by Dr. V. du Vigneaud. The t-cystathionine contained 0.53 
per cent homocystine. The p-cystathionine contained 1 per cent homocystine. 
The L- and p-allocystathionines contained less than 1 per cent homocystine. For 
the configuration of the isomers see (5). 


requirement was spared to some extent by t-methionine, pL-homocystine, 
pL-homocysteine, and L-cystathionine. 

Maximal growth was not obtained when an excess of L-methionine (20 
micromoles per 10 ml.) was added to an amount of cystine (0.1 micromole 
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Taste II 
Effect of Sulfur-Containing Amino Acids on Growth of Cystineless Mutant 
All cultures were incubated at 30° for 24 hours. Unless otherwise noted, com- 
pounds were added to the minimal medium prior to sterilization by autoclaving. 


The figures in brackets denote the highest quantity of compound, in micromoles per 
10 ml., used in the test. 








{ 
| Sparing action on 
cystine requirement, 
Compound Activity in lieu of cystine | tested in presence 
| of 0.1 micromole 
| of L-cystine 








SID 64 ahh Rivas cans aoesi eae amen | +* 


NE cise hess eon niresaael | - aR + [20] 
p-Methionine......... errr errr err | — [13.4] + [10] 
NT rere ee — [20.1] + [13.4] }} 
Sie MONUABIN. 6. 5.505 din vaicceanmencneps — [7.4] +(7.4]¢ #4 
. + choline chloride......| | — [7.4 of each] re 
~ + pu-serine............| — [7.4 of each] Bi 
pt-Homocysteine (filter-sterilized)....... | — [7.4] + [14.8] 1} 
IR ss ican icgnncarenenabonien | — [4.5] + [4.5] 
IND. os ci vaseh cisscnee case — [4.5] — [4.5] 
t-Alipayatathionine......... 2... cccccescdevs| — [4.5] —(4.5] “S 
p-Allocystathionine...................0:. | — [4.5] | —[4.5) °° 
MND. 5 oc aviciinuesdapaceneenee | — [4.0] —(4.0]) & 








* The quantity of L-cystine required for half maximal growth was 0.13 micromole 
per 10 ml. 

t At levels of 0.02 to 1.1 micromoles per 10 ml., pt-homocystine inhibits the growth 
of the mutant in the presence of 0.1 micromole of cystine. 


Taste III 
Sparing Action of u-Methionine on Cystine Requirement of Cystineless Mutant 
All cultures were incubated at 30° for 24 hours. Maximal growth of this mutant 
is produced by approximately 1.5 micromoles of L-cystine per 10 ml. of medium. 


The extent of growth is given in terms of galvanometer deflections on the Evelyn 
colorimeter. The galvanometer deflection at maximal growth is 61. 
































a t-Cystine present, in micromole per 10 ml. 
added per 10 ml. |— SS — Se eis 
| 0 | 0.07 |. | 0.208 | 0.417 
micromoles | 
0 100 88 84 78 72 
0.067 100 84 | 81.5 77 71.5 
0.201 100 78 70.5 66.2 
0.67 100 os | Re Pf oso =a 
2.01 100 | 75.5 69.5 62.5 
6.7 100 80 75.5 69 61 


20.1 100 80 73.5 
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per 10 ml.) sufficient for approximately half maximal growth. It was 
necessary to have present about 0.4 micromole of cystine in order to produce 
maximal growth on the addition of excess methionine (Table ITI). 

The sparing action of L-cystathionine and of filter-sterilized preparations 
of homocysteine was somewhat less than that of methionine. pi-Homo. 
cystine was found to exert an inhibitory effect on growth when it was used 
at levels of 0.02 to 1.1 micromoles per 10 ml., but, at levels above 29 
micromoles per 10 ml., it spared the requirement for cystine. Autoclaved 
preparations of homocysteine gave results similar to those obtained with 
homocystine, although inhibition was never observed when filter-sterilized 
solutions of homocysteine were used. 


DISCUSSION 


From the data obtained with the methionineless mutant, it would appear 
that the biosynthesis of methionine in Escherichia coli K-12 occurs by the 
series of reactions proposed by Horowitz (6) for Neurospora crassa. 


— t-Cystine — L-cystathionine — L-homocysteine -> Lt-methionine 


The data of Lampen et al. (7) for several methionineless strains of F. coli 15 
also may be interpreted as evidence for this transformation. If it is as- 
sumed that the metabolism of methionine and cystine in mutant and wild 
type strains of E. coli K-12 is identical, except for a single gene-controlled 
reaction which is lacking in the mutant (8), the mutation by which strain 
58-161 was produced caused the loss of an enzyme system necessary for the 
conversion of L-cystine to L-cystathionine. 

It is of interest that the methionineless mutant of Escherichia coli K-12 
utilized p-allocystathionine as efficiently as L-cystathionine. Both these 
compounds can give rise to t-homocysteine by cleavage between the sulfur 
atom and the 3-carbon chain. Presumably, L-cystathionine is the natural 
intermediate in the biosynthesis of methionine from cystine in micro- 
organisms, and its production by an appropriate mutant strain of Neuro- 
spora has been demonstrated (6). However, while the methionineless 
mutant of Escherichia coli K-12 could use both t-cystathionine and p-allo- 


cystathionine in place of methionine, appropriate mutant strains of Neuro- 


spora could use only L-cystathionine (6). 

In the rat, for which methionine is an essential constituent of the diet (9), 
L-cystathionine is believed to be an intermediate in the biosynthesis of 
cysteine from homocysteine. .u-Cystathionine is cleaved by rat liver 
preparations to yield L-cysteine (10). Rat liver also is capable of splitting 
p-allocystathionine to p-cysteine (11), but this cleavage would be of little 
value in the synthesis of cystine in vivo since the Dp isomer is not utilized 
by the rat for growth (12). It has been found, also, that rat liver prepara- 
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tions can make p-homocysteine from L-allocystathionine (11) and that 
:-allocystathionine serves as a dietary source of homocystine (5). Thus, 
the utilization of L-allocystathionine as a precursor of methionine by the 
rat appears to be analogous to the utilization of L-cystathionine and p-allo- 
cystathionine as precursors of methionine by the methionineless mutant of 
Escherichia colt. 

The cleavage of any of the isomers of cystathionine to yield cysteine 
would not be detectable with the methionineless mutant. However, such a 
cleavage seems unlikely in view of the inactivity of these compounds for the 
cystineless mutant. 

The cystineless mutant, No. 58-309, is the first mutant strain of a micro- 
organism which has been observed to require cystine and to be unable to 
satisfy that requirement with methionine, homocysteine, or L-cystathionine 
(6, 7). The mutant strains of Escherichia coli 15, which grow in the 
presence of cystine or methionine, seem to be able to make cystine from 
exogenous methionine as well as methionine from exogenous cystine (7). 
Strain 58-309, a mutant of #. colt K-12, probably makes methionine from 
exogenous cystine although it is not able to carry out the reverse transfor- 
mation. Therefore, if the metabolism of cystine and methionine in the 
E. coli strains 15 and K-12 is the same, it would appear that the formation 
of cystine from methionine follows a metabolic pathway different from that 
used in the conversion of cystine to methionine. 


The author wishes to express appreciation to Dr. E. L. Tatum for his 
valuable advice in the course of these investigations. 


SUMMARY 


A methionineless mutant of Escherichia coli strain K-12 has been found 
to grow in the presence of L- and p-methionine, pL-homocystine, pt-homo- 
cysteine, L-cystathionine, and p-allocystathionine. 

A cystineless mutant of Escherichia coli strain K-12 has been found to 
grow only in the presence of L-cystine, L-methionine, pL-homocystine, 
pL-homocysteine, and .-cystathionine showed a sparing action on the 
cystine requirement of this mutant. 
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OXIDATION OF HYDROXY-1t-PROLINE BY PERIODATE 


By HERBERT E. CARTER anp Y. H. LOO* 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, March 25, 1948) 


Some time ago Carter and Neville reported (1) that hydroxy-.-proline 
yields formaldehyde on oxidation with periodate. In another laboratory, 
this oxidation was found to produce a considerably lower yield of formalde- 
hyde than we had obtained.! A further study of this reaction was accord- 
ingly undertaken. Oxidation of several new samples of hydroxy-t-proline 
gave lower yields of formaldehyde than those previously obtained. To 
eliminate interference by possible contaminants, hydroxy-L-proline was 
purified through the O, N-dibenzoyl derivative. This substance (not pre- 
viously described) is a very satisfactory derivative for the purification and 
identification of hydroxy-L-proline. Under the proper conditions, the 
sodium salt precipitates from the benzoylation mixture in good yields. 
The free acid is readily purified and reconverted to hydroxy-t-proline. 
Material purified in this way was oxidized with varying quantities of perio- 
date according to the procedure of Shinn and Nicolet (2). The results 
clearly indicate that the amount of formaldehyde formed depends critically 
on the molar ratio of periodate to amino acid. With a ratio of 5 moles of 
periodate to 1 of amino acid, an insignificant amount of formaldehyde was 
formed, while proportions of 10:1 and 20:1 of the reactants gave 0.15 and 
(.24 moles of formaldehyde, respectively. These variations were reflected 
by corresponding differences in the rate of oxidation of hydroxy-t-proline 
as measured by the rate of periodate consumption and the changes in op- 
tical activity of the solutions (see Tables I, II, III). These data show that 
the yield of formaldehyde is much less than that previously reported by us 
and that hydroxy-t-proline is not likely to interfere with the determina- 
tion of serine by the methods of Nicolet and Shinn (3) and of Rees (4). In 
these procedures, the excess of periodate is not sufficient to produce an 
appreciable amount of formaldehyde from hydroxyproline, as is shown 
by the observation of Rees (4) that essentially equivalent amounts of 
volatile aldehyde and ammonia are produced in the oxidation of gelatin 
hydrolysates by periodate. 

No attempt has been made to describe the exact course of the oxidation 


* Postdoctorate research assistant in Chemistry. 
' The authors wish to express their appreciation to Dr. A. C. Chibnall for informing 
them of these results. 
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of hydroxy-L-proline by periodate. However, the available data show 
that, once the pyrrolidine ring is ruptured, extensive further oxidation oe. 
curs. The optical rotation data indicate that unchanged hydroxy-.-proline 
is present even after 3 moles of periodate have been consumed. (Con. 
densation of formaldehyde with unchanged amino acid or with other 
degradation products may account for the low yield of dimedon deriva. 
tive obtained in these studies. 

It should be noted that dimedon is readily oxidized by periodate, cop- 
suming 3 moles of periodate in 4 hours under the conditions usually em. 
ployed in the isolation of the formaldehyde dimedon derivative. [pn 
calculating the amount of reagent required for condensation with formal- 
dehyde, the amount of excess periodate present in the reaction mixture 
must be taken into account. 


EXPERIMENTAL 


Preparation of O,N-Dibenzoylhydroxy-i-proline—When hydroxypro- 
line is benzoylated in 0.5 n sodium hydroxide, according to the method of 
Carter and Stevens (5), a low yield of a crystalline solid, the sodium salt 
of the O,N-dibenzoyl derivative, separates from the reaction mixture. 


By continuing the benzoylation in a weakly alkaline medium, as recom- ' 


mended by Sorensen and Andersen for the preparation of dibenzoylserine 
(6), a nearly quantitative yield of the sodium salt is obtained. 

In a typical experiment, 4.76 gm. of hydroxyproline were dissolved in 
45.0 ml. of cold 20 per cent sodium hydroxide. To this solution were 
added 20 ml. of benzoyl! chloride (4 molar equivalents) in 5 ml. portions. 
The mixture was kept in an ice bath and shaken vigorously at frequent 
intervals. During the reaction of the last 10 ml. of benzoyl chloride over a 
period of 4 to 5 hours, the pH was maintained at 8 to 9 by the addition of 
20 per cent sodium hydroxide. After all of the reagent had disappeared, 
the precipitate was collected, washed twice with small volumes of cold 
water, dried, and triturated with hot petroleum ether. The white crystal- 
line solid, weighing 12.99 gm. and melting with decomposition at 247- 
248°, was dissolved in 100 ml. of hot water. On the addition of 5 ml. of 
concentrated hydrochloric acid, an oil separated and crystallized on stand- 
ing in an ice bath for several hours. The solid was filtered off, washed 
thoroughly with cold water, and dried, giving 9.83 gm. (80 per cent yield) 
of crude product. Recrystallization of this material from ether gave a 
product melting sharply at 120.5-121.5°. 


CisHi7O5N (339.34). Calculated. C 67.26, H 5.05, N 4.13 
Found. ‘* 67.46, ‘* 4.85, ‘* 4.16 
[al= = —160° (0.49% solution in methanol) 


Neutral equivalent, calculated 339, found 333. Saponification equiv- 
alent (O-benzoyl group), calculated 339, found 341. 
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The sodium salt of dibenzoylhydroxy-.-proline dissolves readily in water, 
although it is only slightly soluble in the benzoylation mixture. The free 
acid is slightly soluble in cold water or petroleum ether, somewhat soluble 
in ether and methyleyclohexane, and very soluble in alcohol, acetone, and 
benzene. 

Regeneration of Hydroxy-t-proline—6 gm. of dibenzoylhydroxy-L- 
proline were refluxed with 60 ml. of 10 per cent hydrochloric acid for 10 
hours. The mixture was cooled and filtered. Benzoic acid was removed 
from the filtrate by extraction with ether, and hydrochloric acid by re- 
peated concentration in vacuo. The residue was dried in vacuo over pellets 
of potassium hydroxide, dissolved in 10 ml. of water, and passed over a 
column of Amberlite IR-4. The eluate was concentrated in vacuo to a 
small volume and ethanol added to 90 to 95 per cent concentration, precip- 


TABLE [ 
Oxidation of Hydroryproline with Sodium Metaperiodate 


Time |  Periodate consumed per mole hydroxy-t-proline 





a 
bl 
os 


|asooono'® 


moles 
0.0 

0.53 
0.96 


oS 
SSS 
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itating 1.87 gm. of hydroxy-t-proline (80 per cent yield). An analytically 
pure sample was obtained by recrystallization from 90 per cent methanol. 


CsH,O;N (131.13). Calculated. C 45.80, H 6.92, N 10.69 
Found. “ 45.94, “ 6.74, “ 10.63 
lal= = —77° (0.324% solution in water) 

Oxidation of Hydroxyproline by Periodate—The results of Carter and 
Neville (1) on the rate of oxidation of hydroxyproline by sodium meta- 
periodate were reproduced. ‘Table I shows the course of the reaction of 
30 mg. of hydroxy-.-proline in 100 ml. of 0.01 mM sodium metaperiodate (7). 

Effect of Periodate Concentration on Rate of Oxidation—Hydroxy-.- 
proline (12 to 13 mg.) was oxidized in 125 ml. flasks with varying amounts 
of paraperiodic acid in the presence of bicarbonate buffer and arsenite 
(2,3) at 30°. In one series, the periodate consumption was determined (7). 
Water blanks containing arsenite and varying amounts of periodate were 
also titrated. In another series, the reaction mixture was acidified to 
methyl red with glacial acetic acid, 30 to 40 ml. of a 0.4 per cent dimedon 
solution were added, and after 24 hours the formaldehyde derivative, 
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melting at 189-190°, was filtered off, dried, and weighed. The resylts 
are summarized in Table II. 


TABLE II 


Effect of Periodate Concentration on Rate of Oxidation and Formation of Formaldehyde 
from Hydrozry-u-proline 


mimi an Siihis vethe ab |° Dertataibions. Formaldehyde-dimedon derivative 


droxyproline Ph ecacmaront “al Totes ~~ Weight Yield 
mg. moles in 1 hr. hrs. mg. per i 

12.96 5:1 1 0.5 Li? 
10.48 5:1 24 0.7 3.0 
12.96 10:1 1 4.4 15.2* 
16.2 10:1 24 9.0 25.0 
12.5 20:1 6.6 23.7 
12.5 20:1 24 8.0 28.8 
13.1 5:1 1.5f 
13.1 10:1 2.5 
13.1 20:1 3.4 





* This value is low in comparison with the yield reported by Carter and Neville 
(1). Recalculation of their data gives a yield of 35 to 36 per cent instead of the 60 
to 64 per cent previously reported. 

+ 5 ml. of 0.1 N sodium arsenite were used instead of 10 ml. 


Tasie IIT 
Effect of Periodate on Optical Activity of Hydroxy-t-proline 


Observed rotation in degrees 


Time Molar ratio of periodate to hydroxyproline 
0 ; $:1 10:1 | 20:1 é 

hrs. ; - tH 

0 —0.41 

0.25 —0.07 —0.04 } —0.02 

0.50 —0.04 —0.02 0.0 

0.75 —0.02 0.0 +0.01 

1.0 —0.41 —0.01 0.0 +0.02 

3.5 ™ - +0.05 
24.0 —0.41 +0.05 +0.05 +0.05 





* The solution had turned dark yellow; on standing the color gradually becanm 
less intense. 


Change in Optical Activity of Hydroxy-L-proline Solutions during Perio- 
date Oxidation—The rate of change in optical activity with varying con- 
centrations of periodate was determined. Into each of three 10 ml. 
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volumetric flasks was pipetted | ml. of a solution of hydroxy-.-proline 
containing 52.4 mg. or 0.4 mm per ml. Aliquots of a solution of sodium 
metaperiodate equivalent to 2, 4, and 8 mm of periodate were added. The 
solutions were diluted to volume with water and transferred to 1 dm. 
polarimeter tubes. A record of the rotations observed over a period of 24 
hours is given in Table III. 

In another experiment, 2.567 gm. (3 molar equivalents) of sodium meta- 
periodate were added to 0.524 gm. of hydroxy-L-proline dissolved in 85 
ml. of 0.1 N sodium arsenite solution. Within 1 hour, all of the reagent 
had reacted and the observed rotation had changed from —0.47° to —0.15°. 
This reading remained constant until an additional 3 molar equivalents 
of periodate were added, when the rotation changed from —0.15° to +0.07° 
within a half hour. 


SUMMARY 


Hydroxy-i-proline has been purified and characterized through the 
0,N-dibenzoyl derivative. An investigation of the reaction of pure 
hydroxy-L-proline with periodate has shown that extensive oxidation 
occurs. Among the degradation products are a dextrorotatory substance 
and formaldehyde. One of the rate-determining factors is the ratio of 
periodate to amino acid; the greater the ratio the more rapid the uptake 
of periodate, the greater the change in optical activity, and the higher the 
yield of formaldehyde. Hydroxy-t-proline is not likely to interfere with 
the determination of serine by periodate oxidation. 
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A SIMPLIFIED PROCEDURE FOR THE PREPARATION OF 
CYTIDYLIC ACID AND DIAMMONIUM URIDYLATE 
FROM YEAST NUCLEIC ACID* 


By HUBERT S. LORING, PAUL M. ROLL, anp JOHN G. PIERCE 


(From the Department of Chemistry and the School of Medicine, Stanford 
University, California) 


(Received for publication, March 19, 1948) 


Previously published methods for the preparation of the pyrimidine 
nucleotides are relatively involved procedures requiring either repeated 
crystallization of the brucine salts (1) or fractionation of the free acids by 
their differential solubility in pyridine (2). Although the yields obtained 
by the former method were not published, we have isolated less than 2 
per cent of the original nucleic acid as crystalline diammonium uridylate 
by this procedure. Yields of 5.6 and 4 per cent of the original nucleic 
acid as crystalline cytidylic and “nearly” crystalline uridylic acids re- 
spectively were reported for the pyridine extraction procedure. Other 
workers, however, have found lower yields by the latter method (3) and 
in our own laboratory the yield of crystalline cytidylic acid isolated from 
a sample of yeast nucleic acid by the pyridine method was 1.2 per cent. 
Although the results of bioassays for cytidylic and uridylic acids indicate 
that the concentrations of these constituents in ribonucleic acid are less 
than those expected from a tetranucleotide structure (4), it is evident from 
the small yields mentioned that the isolation procedures are highly inef- 
ficient. 

The extent to which nucleosides or nucleotides are produced by alkaline 
hydrolysis of yeast nucleic acid depends on the concentration and type 
of alkali used and on the temperature at which the hydrolysis is carried 
out (1, 5). The published procedures for the preparation of nucleotides 
have avoided hydrolysis to nucleosides by the use of ammonia at 115-120° 
in an autoclave (5) or alternately by the use of stronger alkali at room tem- 
peratures for relatively long periods of time (6, 7). In view of the dif- 
ficulties inherent in the former procedure and the uncertainty regarding 
the extent of hydrolysis in the latter, it seemed desirable to find conditions 
in which nucleic acid could be converted to nucleotides by refluxing in the 
presence of a relatively strong base. Because of the insoluble nature of 
some of the barium salts of the nucleotides (8, 9), the use of barium hydroxide 
as a hydrolyzing agent was studied. In order to find optimum conditions 


* Taken in part from a thesis submitted by Paul M. Roll in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, Stanford University, 1947. 
Aided by a grant from the Rockefeller Foundation. 
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for the preparation of the nucleotides, the concentration of alkali was 
determined which could be refluxed with nucleic acid for 2 hours without 
the liberation of appreciable amounts of inorganic phosphate. The ye. 
sulting hydrolysates as well as those prepared by treatment with dilute 
mineral acid (8) were fractionated with 12-phosphotungstic acid, which 
has been shown to effect a nearly quantitative separation of cytidylic acid 
or cytidine from uridylic acid or uridine (4). The present paper records 


the results in which these procedures have been applied to the preparation | 


of cytidylic acid and diammonium uridylate from yeast nucleic acid. 


EXPERIMENTAL 


Hydrolysis of Yeast Nucleic Acid by Barium Hydroxide—A series of 


preliminary experiments employing different amounts of barium hydroxide | 


were performed to determine the optimum conditions for hydrolysis to 


nucleotides. Two criteria of the extent of hydrolysis were employed; | 
namely, (a) the amount of inorganic phosphate liberated and (b) the growth | 
activity of the resulting hydrolysates for the pyrimidine-deficient Neuro. | 


spora mutant No. 1298. 2 gm. samples of commercial yeast nucleic acid 
were refluxed for 2 hours in the presence of 20 ml. of water and sufficient 
solid barium hydroxide to give solutions that were 0.5 N, 0.55 N, 0.6 y, 
0.7 N, and 0.8 N with respect to barium ion. The samples were acidified 
with enough hydrochloric acid to dissolve the insoluble barium salts, barium 
ion was removed, as the sulfate, and aliquots of the resulting solutions were 
analyzed for inorganic phosphate (10) and assayed for growth activity (4), 

The phosphate analyses showed that from 2 to 3 per cent of the total 
nucleic acid phosphorus was liberated as inorganic phosphate over the 
normality range from 0.5 to 0.7 N and that 6.5 per cent was formed in the 
0.8 N solution. Whether the inorganic phosphate was derived entirely 
from a single nucleotide or in part from each of the purine and pyrimidine 
nucleotides known to be present could not be determined from the data 
obtained. If the assumption was made, however, that one-half of the 
inorganic phosphate was formed from pyrimidine nucleotides and that a 
corresponding amount of pyrimidine nucleoside resulted, the growth ac- 
tivity due to cytidylic acid or uridylic acid varied from 22 to 26 per cent 
over the normality range from 0.5 nN to 0.7 N and increased to about 32 
per cent for the 0.8N solution. Ifa larger proportion of the inorganic phos 
phate were derived from pyrimidine nucleotides in the more alkaline solv- 
tions, the growth activity found would be due to a larger proportion of 
pyrimidine nucleosides and the amount of pyrimidine nucleotides present 
would be correspondingly reduced. In a few additional experiments in 
which stronger alkali or a longer period of hydrolysis was employed, addi- 
tional amounts of inorganic phosphate were formed without further increas- 
ing growth activity for the mold. 
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On the basis of the above-mentioned experiments, it seemed desirable for 
the isolation of the nucleotides to select conditions of hydrolysis interme- 
diate between the extremes mentioned. Accordingly a 10 per cent nucleic 
acid suspension in 0.6 N barium hydroxide was employed. Under these 
conditions a large fraction of the original nucleic acid is converted to rela- 
tively insoluble barium salts which could be removed by filtration and used 
for the preparation of diammonium uridylate and cytidylic acid. Alter- 
nately the suspension could be treated directly with enough sulfuric acid 
to convert the barium salts to barium sulfate and a solution of the nucleo- 
tides. The latter were then fractionated by the same procedure used for 
the barium-insoluble salts. The latter procedure, while not advantageous 
for the preparation of cytidylic acid, gave the best yield of diammonium 
uridylate. 

Isolation of Pyrimidine Nucleotides from Insoluble Barium Salts—50 gm. 
of yeast ribonucleic acid (B. L. Lemke Company) were added to a beaker 
containing 500 ml. of boiling 0.6 N barium hydroxide solution. The mix- 
ture was carefully heated to boiling to avoid frothing, was boiled for 2 
hours, and then cooled in ice. The granular precipitate of barium salts 
of the nucleotides was filtered off by suction and was washed with a little 
cold barium hydroxide solution. The solid was suspended in about 200 
ml. of hot water and the solution was acidified with enough 6 N sulfuric 
acid to provide a slight excess of sulfate ions (blue with Congo red paper). 
The resulting solution of nucleotides was filtered from insoluble barium 
salts through a pad of Hyflo Super-Cel and the barium sulfate was washed 
twice by suspension in boiling water. The washings were combined with 
the original filtrate, which was cooled in ice and refiltered from a small 
amount of insoluble material which formed. To the warm solution 20 gm. 
of 12-phosphotungstic acid (11) dissolved in the minimum volume of water 
necessary for solution were added slowly until no further precipitation took 
place. After cooling in ice the heavy precipitate was filtered onto a pad 
of Hyflo Super-Cel, and the filtrate was concentrated in vacuo to a volume 
of about 200 ml. 7.5 ml. of concentrated sulfuric acid were added to make 
the solution approximately 1 N, and then 45 gm. of 12-phosphotungstic 
acid were added to the hot solution. After immediate filtration through 
Hyflo Super-Cel to remove the last traces of the phosphotungstates of the 
purine nucleotides, the solution was allowed to stand at room temperature 
for several hours and cooled in the refrigerator overnight. Cytidylie acid 
phosphotungstate separated as a gelatinous precipitate which was best 
removed by centrifugation in the cold. The solid was washed once in the 
centrifuge with a little ice-cold 1 N sulfuric acid and was used for the 


| preparation of cytidylic acid. As cytidylic acid phosphotungstate is quite 


soluble in 1 N acid at room temperature, it is necessary to keep the solution 
as cold as possible during centrifugation. 
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The supernatant liquid and washings from the cytidylic acid Phospho- 
tungstate were combined, the solution was warmed to about 70-80°, and 
a 1 per cent solution of ammonium sulfate was added slowly to precipitate 
the excess phosphotungstic acid quantitatively as ammonium phospho. 
tungstate. Sulfate ions were removed with barium hydroxide, and th 
filtrate and washings from the barium sulfate in a volume of about 609 
ml, were made slightly alkaline to litmus by the addition of an alcoholi 
solution containing 20 gm. of brucine. After standing in the refrigerator 
overnight, the crystalline brucine uridylate (about 17 gm.) was removed 
by filtration and was converted to the diammonium salt as described by 
Levene and Bass ((12) p. 220). Usually two or three crops of crystals 
amounting to from 1.8 to 2.6 gm. were obtained. In four experiments in 
which the amount of nucleic acid was varied from 50 to 200 gm., the average 
percentage yield was 4.6 per cent. For recrystallization the diammonium 
uridylate was dissolved in a small volume of water, and the solution was 
decolorized with norit and concentrated to a thick sirup under an air 
stream. A few drops of concentrated ammonia and sufficient methy| 
alcohol were added to cause crystallization. From 15.3 gm. of pooled 
crystalline fractions, two crops of crystals were recovered weighing a total 
of 11.8 gm. When placed in the melting point block at 165°, this product 
decomposed at 190-191°, a somewhat higher value than the commonly 
accepted one of 185° (13). In a2 per cent solution, it gave a specific rota- 
tion of [a] 2 = +22.3° as compared to the accepted value of +21°. On 
recrystallization of 550 mg., 280 mg. of the product with essentially the 
same decomposition point and specific rotation were recovered. The ait- 
dried product contained 14.9 per cent nitrogen and 8.35 per cent phosphorus 
as compared to 15.22 per cent nitrogen and 8.45 per cent phosphorus for 
CoHig0.N.4P-0.5H2O or to 14.9 per cent nitrogen and 8.25 per cent phos- 
phorus for CpHipO3NsP-H2O. The analyses are therefore in better agree- 
ment with a molecule containing 1 rather than 0.5 molecule of water of 
hydration. It was not possible to determine moisture by the loss in weight 
on heating in vacuo over phosphorus pentoxide or on heating in an oven 
at 105-110°, for an appreciable amount of ammonia nitrogen as well as 
water is lost under these conditions. One sample dried to constant weight 
by the latter procedure gave a value of 12.1 per cent nitrogen, as compared 
to the theoretical of 12.3 per cent nitrogen for the anhydrous monoammo- 
nium uridylate. 

Cytidylic Acid—The cytidylic acid phosphotungstate described in the 
previous section was suspended in about 400 ml. of hot water, and the 
phosphotungstic acid and sulfuric acid removed consecutively as in the 
case of the uridylic acid. The filtrate from these operations was concet- 


trated in vacuo to a volume of about 20 ml., which was decolorized with — 


norit, and the cytidylic acid crystallized by the addition of ethyl alcohol. 
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The crystals were washed with an ethyl alcohol-water solution and then 
dried by successive washings of ethyl alcohol and ether. The combined 
yield of first and second crop crystals varied from 1.96 gm. to 2.37 gm., the 
average yield in the four experiments previously mentioned being 4.4 per 
cent of the original nucleic acid. The decomposition point of this product 
(A) was about 223° when placed in the melting point block at 210°. It 
was best recrystallized from a warm 2 per cent aqueous solution by the 
addition of slightly more than an equal volume of alcohol. In this way in 
one experiment 7 gm. of product (B) decomposing at 232-233° (in block at 
220°) were recovered from 9 gm. of the less pure sample (A) mentioned 
above. Two additional recrystallizations gave slightly higher percentage 
recoveries of products C and D, with decomposition points of 234-235° 
and 237° respectively when determined under the same conditions. The 
specific rotations of Samples B, C, and D in 1 per cent solution in water 
were respectively [a]? = 38.5°, [a]?? = 42.3°, and [a]%* = 41.9°. The 
previously reported values vary from [a]; = 41.7 to [al> = 44.7° (2). 
Sample D gave a value of 12.58 per cent nitrogen as compared to the theo- 
retical of 13 per cent for CsHyOsN3P. 

Isolation of Pyrimidine Nucleotides after Treatment of Hydrolysis Mix- 
ture with Sulfuric Acid; Cytidylic Acid—The hot hydrolysis mixture from 
50 gm. of nucleic acid prepared as previously described was treated drop- 
wise with 50 ml. of 1 N sulfuric acid. The suspension which at this point 
should be definitely acid to litmus but alkaline to Congo red was allowed 
to cool to room temperature and the precipitate of barium sulfate and 
barium guanylate removed by filtration. The resulting filtrate was treated 
with enough sulfuric acid to provide a slight excess of sulfate ion (acid to 
Congo red), and the precipitated barium sulfate was removed by filtration 
and washed by boiling with water. The filtrate and washings were con- 
centrated to about 100 ml. in vacuo (pH about 2.2) and treated at the boil- 
ing temperature with a solution of 35 gm. of phosphotungstic acid in water. 
The yellow precipitate of purine nucieotide phosphotungstates was re- 
moved immediately by filtration, and the filtrate was made between 1 and 
2.n with sulfuric acid. The solution was again heated to boiling and an 
additional 35 gm. of phosphotungstic acid in 1.5 N sulfuric acid added. A 
small amount of insoluble material was removed from the hot solution by 
filtration, and the filtrate was allowed to cool at room temperature to allow 
crystallization of cytidylic acid phosphotungstate. After standing at room 


_ temperature for several hours, the mixture was placed in the refrigerator 


overnight to allow complete precipitation. The cytidylic acid phospho- 
tungstate was removed in the centrifuge in the cold and washed as pre- 
viously described. The yield of crude cytidylic acid phosphotungstate was 
about 16 gm. It was converted to cytidylic acid as previously described or 
alternately by extraction with amyl alcohol-ether in acid solution. The 
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yield of crystalline cytidylic acid by this procedure was less than that; given 


above, being from 2 to 2.8 per cent of the original nucleic acid. 

Diammonium Uridylate—The supernatant liquid and washings from the 
cytidylic acid phosphotungstate were freed of phosphotungstic acid and 
converted to diammonium uridylate as previously described. The yield 
in two experiments varied from 5.6 to 6.2 per cent of the original nucleic 
acid. 

Hydrolysis with Mineral Acids—The fractionation procedure described 
above was applied to hydrolysates of nucleic acid obtained after hydrolysis 
for 2 hours with 0.4 N sulfuric acid, nitric acid, and hydrochloric acid (8), 
The free purines which are produced under these conditions were removed 
with silver and the resulting filtrates fractionated with phosphotungstic 
acid after removal of silver ion. Cytidylic acid was obtained in from 33 
to 3.6 per cent yield, and diammonium uridylate in about 3.8 per cent yield, 
As compared to the yields previously mentioned, this procedure was not 
advantageous. 


SUMMARY 


Procedures are described for the preparation of cytidylic acid in a yield of 
t.4 per cent and of diammonium uridylate in yields of from 4.6 to 6.2 per 
cent of the original yeast nucleic acid. The procedure is based on the 
hydrolysis of the nucleic acid with 0.6 N barium hydroxide and the frae- 
tionation of the phosphotungstates of the purine nucleotides and of ey- 
tidylic acid in weakly and strongly acid solutions under conditions in 
which uridylic acid is not precipitated. The same fractionation procedure 
was applied to hydrolysates obtained after hydrolysis with mineral acid, 
but the yields of the pyrimidine nucleotides were not as large as those ob- 
tained after alkaline hydrolysis. 
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PARTIAL PURIFICATION OF THE VASOCONSTRICTOR 
IN BEEF SERUM* 


By MAURICE M. RAPPORT, ARDA ALDEN GREEN, anv IRVINE H. PAGE 
(From the Research Division of the Cleveland Clinic Foundation, Cleveland) 


(Received for publication, March 1, 1948) 


The demonstration that plasma from persons with hypertension is more 
vasoconstrictor than normal plasma would be direct evidence supporting 
a humoral mechanism for the disease. This necessitates evaluating effects 
of vasoactive substances which may be newly formed in the blood subse- 
quent to withdrawal of the sample. The chief, and perhaps only, substance 
of importance in this regard is the vasoconstrictor appearing during the 
clotting or defibrination of blood. 

Mainly with the purpose of removing this obstacle to the study of differ- 
ences between plasmas from hypertensive and normal subjects, attention 
has been directed to the isolation and identification of the substance in 
serum responsible for its vasoconstrictor activity as measured in the ves- 
sels of the isolated rabbit ear. There are other reasons for establishing the 
identity of this substance, among which may be mentioned its probable 
roles in hemostasis and intravascular clotting. 

Since the problem of the serum vasoconstrictor is well over 50 years old, 
an extensive literature dealing with the subject is available (1-5) which 
will not be reviewed again here. Most of the papers discuss the pharma- 
cological properties of the unpurified substance, its relative stability, and 
solubility. The results published show a high degree of inconsistency, 
reflecting the inability of previous workers to obtain quantitative informa- 
tion from their assay methods. 

This report summarizes the results of work on the purification and prop- 
erties of the serum vasoconstrictor in quantitative terms. ‘The method of 
assay, consisting of perfusion of the blood vessels of isolated rabbit ears 
(6, 7), has proved capable of giving reproducible results within 10 to 20 per 
cent in the same preparation, with checks over several months within 25 
to50 percent. A five-step purification procedure has been developed which 
yields a preparation of the vasoconstrictor material about 200 times as ac- 
tive, on a dry weight basis, as that in serum itself, with recovery of 25 to 
50 per cent of the original activity in serum. The dry preparation can be 
stored without loss of activity, apparently indefinitely. At every stage of 

* A preliminary report of this work has been published (Federation Proc., 6, 184 


(1947)). The expense of this work was defrayed in part by a grant from the United 
States Public Health Service, Committee on Cardiovascular Disease. 
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the purification before the fifth, considerable instability of the substance jg | 


observed. 

The method of purification described in detail below represents a sum. 
mary of experience obtained with more than 60 runs, involving 900 liters 
of serum collected from almost 2 tons of beef blood. 

The advantages of the procedure are that it is rapid, inexpensive, and 
gives preparations with reasonably constant properties. It permits purif. 
cation without serious losses and provides a stable preparation suitable for 
accumulation for further purification. The procedure is adaptable to large 
quantities of serum without elaborate equipment. 

EXPERIMENTAL 

Collection of Serum—Clotted whole beef blood, obtained from the 
slaughter-house in a lot of 45 liters (eight buckets), is placed in a cold room 
as soon as received. The eight clots yield 15 to 20 liters of serum! of which 
15 liters are processed at atime. The fluid is centrifuged in the cold. The 
collection of 15 liters of serum takes 2 days. 

Step 1. Precipitation of Proteins—The proteins are precipitated from 
the serum, after adjusting the pH to 4.5 to 5.0, by means of 95 per cent 
ethyl alcohol. The pH adjustment has been found necessary for two rea- 
sons. First and most important is that large losses of activity result from 
concentration of solutions above pH 7. Second, more effective removal of 
proteins is obtained at the lower pH. The 15 liters of serum are processed 
in three 5 liter batches at this step. 

5 liters of serum are adjusted to pH 4.5 to 5.0 with 130 ml. of 2 n HC), 
After the addition of 6.7 liters of 95 per cent ethyl alcohol, the mixture is 
stirred well and left in the cold room overnight. The protein precipitate 
is removed by suction filtration, giving 9 to 9.5 liters of filtrate. 

The combined filtrates (27 to 28 liters) are then concentrated at reduced 
pressure under nitrogen to about 300 ml., the temperature being kept be- 
low 40°. With the equipment at our disposal, this operation required 20 


to 25 hours. Losses of activity are found to be increased with increase in _ 


distillation time. To control foaming, 10 ml. portions of 2-ethylhexanol 
are added as required. 

Step 2. Removal of Acetone-Insoluble Impurities—To the 300 ml. of con- 
centrate, 10 volumes of acetone are added. The mixture is shaken, then 


1 The serum is most conveniently collected by means of an apparatus which per- 


mits the eight clots to drain simultaneously. This apparatus consists of a 24 gallon 


can, the bottom of which has been removed. The can rests on a board with a circular 
opening covered by } inch rectangular mesh galvanized screen, in turn covered by 
gauze. The expressed fluid falls into the can cover which rests on top of a 9 liter 
glass jar. The cover has two small holes drilled through its center. 
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stirred mechanically at room temperature until the insoluble phase be- 
comes solid. This takes 30 to 60 minutes. The mixture is then chilled in 
the cold room overnight. 

The clear, light yellow supernatant solution, which contains about 90 per 
cent of the active principle, is decanted from the solid (consisting mainly 
of inorganic salts, phosphatides, carbohydrates, and amino acids) and 
evaporated under reduced pressure in a bath kept below 40° to a volume of 
80 to 100 ml. The troublesome foaming which occurs as the last of the 
acetone evaporates is controlled by increasing the pressure temporarily. 

Step 3. Extraction of Inactive Substances with Chloroform—The mixture, 
which consists at this point of a yellow emulsion with floating dark brown 
oil, is transferred with the aid of an equal volume of chloroform and a few 
ml. of ethanol to a 500 ml. separatory funnel. 

From here on, all operations are carried out in a cold room at 5°. 

Shaking the two phases results in a stiff emulsion, which occasionally 
breaks overnight. More often it is necessary to add 10 gm. of solid am- 
monium sulfate and several ml. of methanol. After standing overnight, 
this results in a sharp separation of the phases into an upper, clear, light 
yellow aqueous layer, and a lower, brown chloroform layer. It has rarely 
been found necessary to resort to centrifugation. 

The active principle is entirely in the aqueous phase,?* although the 
presence of some active material in the chloroform may be masked by the 
fact that the other substances in this layer are intensely vasodilator when 
tested in the rabbit ear. 

Step 4. Extraction of Active Principle with Butanol—The aqueous layer 
is adjusted to pH 5.9 + 0.3 with 5 n NaOH, 5 to 6 ml. being required. 
This adjustment is not critical. The solution is then saturated with am- 
monium sulfate by the addition of 0.6 gm. of the salt per ml., and subse- 
quently extracted three times by shaking several minutes with equal 
volumes of butanol. The combined butanol extracts are left overnight at 
—10° and then decanted. 

Step 5. Precipitation of Active Principle with Dilituric Acid—To the 
butanol extract, 150 ml. of a solution of dilituric acid (5-nitrobarbituric 


* On two or three occasions, a large fraction of the vasoconstrictor substance has 
gone into the chloroform phase. This has been attended by a concomitant large 
increase in the volume of the chloroform layer with corresponding decrease in the 
volume of the aqueous layer. The effect is attributed to a change in the solvent 
properties of the chloroform resulting from the large quantity of dissolved material. 
Increasing the aqueous volume of the initial extraction or employing an additional 
aqueous extraction of the chloroform corrected this aberration. 

* The aqueous phase, which is at pH 2.9 to 3.2, has a concentration of activity 50 to 
100 times greater than that of serum. The active material is not stable in this solu- 
tion, over 55 per cent having been observed to disappear in 10 days at 5°. 
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acid) in methanol (prepared by dissolving 12 gm. of the acid in 800 ml, of | 


absolute methanol at the boiling point, cooling, and filtering) are added. 
resulting in an immediate precipitation of colorless solid. 

After the mixture has stood overnight at 5°, a sample of the supernatan; 
solution is tested for completeness of precipitation by the addition of , 
small quantity of the methanolic solution of the acid. If more precipitate 
forms, another 10 ml. of the dilituric acid solution are added to the mixture 
The procedure is repeated until complete precipitation is obtained, which 
is usually indicated by a faint yellow color. 

The precipitate is collected by centrifugation and is then washed three 
times with small quantities of cold methanol to remove excess diliturie acid 
and butanol. The almost colorless solid is then dried in a desiccator by 
prolonged evacuation. The precipitate contains over 95 per cent of the 
activity present in the butyl alcohol extract. The yield from 15 liters of 
serum is about 2 gm. of this dry precipitate, containing 25 to 50 per cenj 
of the activity found in the original serum. 

Method of Assay—The assay is made by injection into the vessels of the 
isolated rabbit ear prepared as described by Page (6, 7). Solutions of the 
unknown are diluted until 0.2 ml. gives a response identical with that of 
0.2 ml. of a standard control solution of the vasoconstrictor substance, 
The standard is a solution of material from Step 5 pooled from ten runs, 
A concentration of 1.2 y per ml. has been arbitrarily designated as contain- 
ing 1 unit of activity. On this basis, the rabbit ear preparation shows the 
responses to other vasoactive substances recorded in Table I. The repro- 
ducibility of the ear preparation responses has been found to be 10 to 2 
per cent. The greater range shown for some of the substances in Table | 
is a result of the inability to obtain constrictions with them identical with 
those of serum vasoconstrictor. The composition of the perfusion fluid 
in gm. per liter is as follows: NaCl 8.2, KCI] 0.84, MgClh-6H,0 0.06, 
CaCl, -2H2O 0.04, glucose 1.0, NaHCO; 0.40. In addition, 8 ml. of 1 
KsHPO, and 2 ml. of 1 m KH:PO, are added per liter. 

Properties of Purified Preparation—The range of activity of the purified 
preparation is 500 to 1000 units per mg. The bulk of the solid is composed 
of ammonium diliturate; analysis by direct nesslerization shows 60 to 85 
+ of NH; per mg. The results of other color tests on this material are 
shown in Table II. 

The heat stability of the substance in solution appears to be considerably 


increased by the fifth stage in purification. For example, neither heating , 


at 100° for 5 hours at a concentration of 1 mg. per ml. nor standing for | 
month at room temperature at this concentration resulted in significant in- 
activation. Whether this increased stability is due to the stabilizing influ- 


ence of the dilituric acid or to the removal of reactive impurities is not 


known. 
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The material does not show appreciable solubility in organic solvents. 
However, it can be dissolved in boiling water to the extent of 8 mg. per ml., 
but readily crystallizes on cooling. The solubility at room temperature is 


TaBLeE I 
Activity of Several Vasoconstrictor Substances in Perfused Ear Vessel Prepara- 
tion, Based on on Arbitrarily Defined U nit of Activity — 





Substance Units per mg. at 1 mg. per ml. 


Epinephrine PVQPOCHIOTION: «.o165 350 cusseepeue a 50 , 000-100 , 000 
Tyramine. Ja 5aWE bck § oe a ee ie 500- 1,000 
Histamine phosphate. SUDA ee A ee 3,000- 4,000 
Tenia hydrochloride. .... 2... 885) a 5,000 


TABLE II 
Color Reactions of Purified Material of Step 6 


Comparable 
color obtained 
per mg. ppt. 
from Step 5 


Color reaction Standard* 


+ of standard 
Gerngross-Voss-Herfeld for  p-hy phesiitecuihins 


groups. . eT fot oe Tyrosine 2-3 
Pauly diaso for iaddepoten.. ipytOeete tees Fiee Histidine 2-3 
Sakaguchi for guanidino groups............... Arginine <2 
Folin-Ciocalteu for phenols, indoles, ete........... Tyrosine 16-21 


SN NIE 9.5% «c+ oe cae sed ane eee eee Epinephrine <2 








* The quantity of standard substance used for color development is 10 y for all 
reactions except the Gerngross-Voss-Herfeld reaction which requires 50 y. 


TABLE III 


Dialysis of Serum Vasoconstrictor Against 2 Volumes of 0.01 mu Phosphate Buffer, 
pH 7 Ay at 5°, without Stirring 





Concentration 





Time <A ee ms eee 
Inside casing | Outside casing 
hrs. units per ml. units per ml. 
0 600 0 
24 300 150 
18 200 200 


48; buffer solution replaced after 24 hrs. 125 75 


about 2 mg. per ml.; at 5°, slightly more than 1 mg. per ml. Repeated 
recrystallization from vat water can be effected without any appreciable 
change in the activity of the precipitate. High concentrations of activity 
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in aqueous solution are easily obtained by removing the dilituric acid as its 
insoluble magnesium salt (8) with MgCl, or MgSO,. No loss of activity jg 
encountered in this procedure, but the use of basic magnesium salts results 
in considerable inactivation (30 to 50 per cent). 

Studies on the chemical inactivation will be reported in a subsequent 
publication. 

Some Properties of Active Principle As Found in Serum—Variable effects 
have been observed with regard to stability of the substance in serum, but, 
in general, centrifuged serum loses about half its activity in 5 days at 5°, 

Considerable disagreement exists concerning the dialyzability of the 
serum vasoconstrictor. Quantitative data measuring this property are pre- 
sented in Table III. The results indicate that the substance not only di- 


TaBLe IV 
Concentration .and Recovery of Beef Serum Vasoconstrictor 
Fraction Original serum Dry weight 
units per I. units per mg. 
Serum...... : BR ee : 300 , 000 { 
MOMAMGEMTRCe, HOD 2. oo. cee coe cee ren eses 240, 000 10 
Aqueous concentrate, 300 ml, Step 1... ae 150,000 10 
Acetone supernatant, Step 2.............. : 5 130, 000 90 
Chloroform-washed aqueous phase, Step 3.. Neck 120,000 200 
Butanol extract, Step 4........... che otaleye s 100, 000 


i eS ee ee 100 , 000 750 


alyzes very rapidly and completely, but that it is not appreciably adsorbed 
by serum proteins. 
The range in activity found in beef serum is 100 to 600 units per ml. 


DISCUSSION 


A summary of the purification process with regard to concentration and 
recovery of activity is presented in Table IV. 

The question of the presence of multiple substances being responsible for 
the vasoconstrictor effect of serum (2, 9) is not answered by this study. 
However, the uniformity of behavior of the active material throughout the 
purification procedure, as well as the high recovery of activity from serum, 
argues for the principal measured effect as being due to a single substance. 
Certain physical properties, such as dialysis, are also consistent with this 
view. As can be seen from Table III, the rate of dialysis is approximately 
the same, starting with fresh serum and with serum from which half the 
activity has already been removed by dialysis. 

If the assumption is made that the effect is due to a single substance, 
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then the data presented in Tables I and II rule out epinephrine, tyramine, 
histamine, and tryptamine on the evidence of activity-color ratios. For 
example, the value for the activity of epinephrine is 50,000 to 100,000 units 
permg. The comparative color given by epinephrine in the ferric chloride 
test is 1000 y of standard per mg., since epinephrine is used as the color 
standard. The ratio of activity in units per mg. to color in micrograms of 
standard per mg. for this test is therefore 50 to 100 for epinephrine. For 
the purified material of Step 5, the ratio is >350. The fact that this ac- 
tivity-color ratio is much greater with the purified material than with 
epinephrine, coupled with the assumption that activity is due to a single 
substance, makes it impossible for epinephrine to be that substance. 

A similar argument may be applied to the other compounds with the 
Folin-Ciocalteu reaction for tyramine and tryptamine and the Pauly reac- 
tion for histamine. 

Further experiments aimed toward ultimate isolation and characteriza- 
tion of the active material are in progress. 


The authors wish to thank Mr. John M. Means, Miss Martha Bender, 
and Miss Elizabeth Hunt for valuable assistance. 


SUMMARY 


A five-step purification is described which results in a 200-fold concentra- 
tion, on a dry weight basis, of the serum vasoconstrictor, a substance which 
appears during the clotting or defibrination of blood. The recovery of ac- 
tivity is 25 to 50 per cent of that in the original serum. The principal ad- 
vantage of this procedure is that it yields a preparation with enhanced 
stability, permitting accumulation for further purification. 
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BIOCHEMICAL TRANSFORMATIONS AS DETERMINED BY 
COMPETITIVE ANALOGUE-METABOLITE GROWTH 
INHIBITIONS 


VIII. AN INTERRELATIONSHIP OF METHIONINE AND LEUCINE* 


By W. M. HARDING anv WILLIAM SHIVE 


(From the Biochemical Institute and the Department of Chemistry, The University 
of Texas, and the Clayton Foundation for Research, Austin) 


(Received for publication, March 15, 1948) 


After Harris and Kohn (1) first reported the prevention of the toxicity 
of norleucine by methionine for Escherichia coli, Porter and Meyers (2) 
found that norleucine in preventing growth of Proteus morganii was com- 
petitive with methionine. Lampen and Jones (3) recently demonstrated 
that norleucine prevented competitively the functioning of methionine in 
Escherichia colt. 

The technique of inhibition analysis, which has been used successfully 
in determining the biosynthetic sequence of metabolites in several systems 
(4-6), has been employed in the present investigation of the toxicity of 
norleucine for Escherichia coli. Of the known naturally occurring amino 
acids, methionine alone prevents competitively the toxicity of norleucine; 
however, leucine but not the corresponding keto acid prevents the toxicity 
of norleucine in such a manner as to suggest that methionine functions in 
the biosynthesis of leucine, probably in the amination of a-keto-y-methyl- 
valeric acid. The ability of isoleucine and valine to replace leucine in 
preventing the toxicity of the inhibitor suggests that the biosyntheses of 
these amino acids also involve the enzymatic reaction which is blocked by 
norleucine. Details of these and related findings are presented below. 


EXPERIMENTAL 


Testing Methods—For tests with Escherichia coli the medium was pre- 
pared as follows: NasSO., anhydrous, 1 gm., NH,Cl 1 gm., K,HPO, 
0.8 gm., MgSO,-7H,O 80 mg., glucose 2 gm., and Fe(NH,)2(SO,)2-6H2O 
20 mg. were dissolved in 100 ec. of distilled water, steamed for 5 minutes, 
and filtered after cooling to room temperature. For assays, 5 cc. of this 
double strength basal medium were added to the test materials contained 
in 5 ec. of water. The tubes were capped, autoclaved 10 minutes at 15 
pounds steam pressure, cooled, and inoculated. Times and temperatures 
of incubation are given in each table. 


* For the most part from a thesis submitted by W. M. Harding to The University 
of Texas in partial fulfilment of the requirements for the degree of Master of Arts, 
August, 1946. 
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The organism was a previously described (4) strain of Escherichia coli, 
maintained by monthly transfers on 1 per cent glucose, 1 per cent yeast 
extract, and 1.5 per cent agar but grown for at least two daily transfers on 
the inorganic salts-glucose medium described above before use in the tests 
reported in Tables I, II, IV, and V. The data in the other tables were 
obtained by use of this same organism grown for at least eight daily trans. 
fers in the inorganic salts-glucose medium supplemented with 1 to 10 mg. 
of pt-methionine per 10 ec. Such “training” of the organism did not 
result in tests which were qualitatively different from tests obtained with 
the “untrained” strain. The inoculum for a test was prepared by cen- 
trifuging a 10 ce. daily transfer after 14 to 18 hours growth, washing the 
cells in 10 ce. of 0.9 per cent sodium chloride solution, and resuspending in 
10 ec. of the saline solution. A drop of a 1:100 dilution of this suspension 
was used to inoculate each tube of the test. 

The basal medium used for the tests with Lactobacillus pentosus was that 
of McMahan and Snell (7) with the omission of leucine, isoleucine, valine, 
methionine, norleucine, norvaline, hydroxyproline, adenine, guanine, and 
xanthine and the doubling of the amount of Salts A. This medium was not 
sufficient for growth, but abundant growth was obtained in 24 hours when 
leucine, isoleucine, and valine were added. If these three amino acids were 
omitted and a-keto-y-methylvaleric acid, a-keto-8-methylvaleric acid, and 
a-hydroxyisovaleric acid (1 mg. each per 10 ce.) were included in the 
medium, good growth occurred in 2 days. Before the organism was used 
in a test it was grown in five successive 48 hour transfers in the latter 
medium, after which time good growth was obtained in 30 to 36 hours in 
this medium. 

The tests prepared for inoculation with Lactobacillus pentosus were 
autoclaved 15 minutes before inoculation. The organisms to be used for 
inoculation were centrifuged and washed as described for Escherichia coli. 
The washed suspension was diluted 1:20 and 1 drop of this suspension was 
used to inoculate each tube. 

Results—Of the amino acids normally occurring in proteins, only methi- 
onine, leucine, isoleucine, valine, glutamic acid, and threonine prevented 
the toxicity of norleucine for Escherichia coli to any significant extent, 
their respective degrees of effectiveness decreasing in the order named. 

As is shown in Table I, methionine reverses competitively the inhibitory 
effect of norleucine on Escherichia coli. The molar ratio of p1i-norleucine 
to pL-methionine just necessary to prevent the growth of the organism 
(the antibacterial index) (8) is within the range of 30 to 100 under the 
testing conditions employed. The antibacterial index determined with 
the addition of 100 y of t-leucine per 10 ec. of medium was approximately 
10 times the ratio obtained in the absence of exogenous leucine. 
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Separate experiments indicated that leucine, isoleucine, valine, or any 
four mixtures which can be made with leucine, isoleucine, and valine did 
not competitively prevent the toxicity of norleucine. 

However, as is indicated in Table II, increasing concentrations of leucine 


TABLE I 


Effect of Leucine on Norleucine Toxicity 
Test organism, Escherichia coli; incubated 15 hours at 38-39". 


Galvanometer readings* 





pi-Norleucine pL-Methionine : . 
Without t-leucine eee ba yond ) 
> per 10 ce. y per 10 cc. | 
0 0 52 55 
10 0 10 53 
30 0 2 16 
100 0 2 
0 3 54 59 
30 3 52 59 
100 3 32 58 
300 3 5 50 
1,000 3 2 & 
0 10 54 54 
100 10 56 5g 
300 10 22 57 
1,000 10 2 45 
3,000 10 18 
0 30 56 55 
300 30 60 59 
1,000 30 10 | 54 
3,000 30 9 14 
10,000 30 38 
30,000 30 | 8 
0 100 63 60 
1,000 100 55 60 
3,000 100 14 53 
10,000 100 2 48 
30,000 100 14 
Antibacterial index aa 30-100 300-1000 


*A measure of culture turbidity; distilled water reads 0, an opaque object 100. 


above 10 y per 10 ce. had only slight effects until relatively high concen- 
trations of leucine above 300 y per 10 cc. were employed. Above that 
concentration, the effect of leucine appeared to be competitive at a ratio of 
norleucine to leucine of approximately 0.3. This effect at high concentra- 
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tions suggested the possibility of contamination of the L-leucine with 
methionine. An assay for methionine in the leucine by the method of 
Stokes et al. (9) with Streptococcus faecalis R indicated that the quantity 
of methionine present was insufficient to account totally for the effects 
shown in Table II. However, pt-leucine (synthetic and presumably free 
of methionine) was tested against norleucine in the same manner as L-leu- 


TaBLeE II 
Effect of Increasing Concentrations of Leucine on Norleucine Toxicity 
Test organism, Escherichia coli; incubated 14 hours at 37-38°. 











pL-Norleucine | t-Leucine Galvanometer reading 
y per 10 cc. ¥y per 10 ce. 

0 0 53 
10 0 | 16 
30 0 | 1 

0 | 10 57 
10 | 10 41 
30 10 10 

100 10 1 

0 30 56 
10 30 44 
30 30 28 

100 30 1 

0 100 57 
10 100 54 
30 100 32 

100 100 2 

0 300 52 

30 300 50 
100 300 8 
300 300 | 2 

0 | 1000 54 

30 | 1000 | 51 
100 1000 38 
300 1000 2 

0 3000 54 

300 3000 51 
6 


1000 3000 


cine, and at high concentrations pt-leucine prevented the toxicity of nor- 
leucine in a manner similar to that of L-leucine; however, the effect of 
pt-leucine at higher concentrations cannot be described as competitive in 
that 10-fold increases in concentration of pt-leucine (300 to 3000 y and 1000 
to 10,000 y per 10 cc.) required only 3-fold increases in concentration of 
norleucine to inhibit growth of the organism in several tests. 
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The effect of increasing concentrations of leucine on the toxicity of nor- 
leucine is further shown in Table III which indicates the effects of 100 and 
3000 y per 10 cc. of pu-leucine on the antibacterial index. In this and 
other tests, low concentrations of leucine (30 to 300 y per 10 cc.) increase 
the antibacterial index from 3- to 10-fold. Higher concentrations of 
leucine further prevented the toxicity of norleucine, and the effect was not 
completely “diluted out’? by high concentrations of methionine. 

In Tables IV and V, the effects of pi-valine and pt-isoleucine on nor- 


Tase III 
Effect of Increasing Concentrations of Leucine on Inhibition Index 
Test organism, Escherichia coli; incubated 16 hours at 37-38°. 


























| Galvanometer readings 
pt-Norleucine |pt-Methionine | : . ee 
| Without pi-leucine |  {Vigh Ducleucine | Gaey naritans 

y per 10 cc. 7 per 10 cc. 
0 10 48 | 46 
300 10 44 46 
1,000 10 13 46 
3,000 10 5 38 
10,000 10 | 5 
0 30 52 50 44 
300 30 45 47 | 46 
1,000 30. 12 38 46 
3,000 30. | 5 7 46 
10,000 30 | 5 21 
30,000 30 | 5 
0 100 54 50 | 45 
1,000 100 | 46 50 45 
3,000 | 100 | 5 35 44 
10,00 | 100 | 5 | 38 
30,000 | 100 ae 

- ! | sianiaieiaalatianl iene ~| = = 
Antibacterial index. .| 30 Ca. 100 Ca. | 300-1000 Ca. 





leucine toxicity are shown. The addition of either amino acid to the me- 
dium resulted in a higher antibacterial index by approximately 3-fold. 
The relative effects of leucine, isoleucine, and valine are indicated in 
Table VI. At a concentration of 200 y per 10 cc. and in the presence of 
10 y per 10 cc. of pt-methionine, which was used for the purpose of pre- 
venting any possible precursor effects, pL-leucine was slightly more effective 
than pt-isoleucine, which in turn was slightly more effective than pu-valine. 
This order of activity in other tests was often more pronounced. In- 
creased concentrations of pi-isoleucine or pL-valine did not give an effect 
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similar to that given by increased concentrations of pL-leucine. However, 
a mixture of the two was able to replace leucine in producing this effect. 

In separate experiments, a-keto-y-methylvaleric acid, a-keto-8-methy|- Te 
valeric acid, or a-hydroxyisovaleric acid had no effect on the toxicity of Tat 
norleucine for Escherichia coli in the inorganic salts-glucose medium. 

In the modified amino acid medium containing a-keto-y-methylvaleric 
acid, a-keto-8-methylvaleric - acid, and a-hydroxyisovaleric acid, nor. Be 

TaBLe IV 
Effect of Valine on Norleucine Tozicity 
Test organism, Escherichia coli; incubated 14 hours at 37-38°. 








Galvanometer readings 

















pt-Norleucine pL-Methionine Se . — 
| Without valine on ae ’ 
¥ per 10 cc. + per 10 cc. : 

0 0 52 | 55 

10 0 10 | 53 
30 0 1 16 a 

100 0 1 
0 3 | 54 51 hee 

30 3 52 59 

100 3 32 49 

300 3 5 45 

1,000 3 2 5 
0 10 54 57 T 
100 10 56 56 & 

300 10 22 53 

1,000 10 2 34 

3,000 10 4 

0 100 63 62 
1,000 100 55 54 = 
3,000 100 14 46 
10,000 100 0 2 N 
: een ee ie . — _ = = Dd 

) Antspacterial indem. ..........060ss00. 30-100 100-300 

esse eter = peicenninaineai ws e ; D! 
leucine at a concentration of 1 mg. per 10 cc. almost completely prevented D) 
growth of Lactobacillus pentosus. As is indicated in Table VII, the in- : 
' ° e,e ° ° ) 
hibition was prevented in a competitive manner by methionine, and at a ‘ 
ratio of norleucine to methionine of approximately 3000, complete in- D) 
hibition of growth was just attained. Leucine also prevented the toxic D) 
action of norleucine in a manner somewhat suggestive of a product of an D) 
inhibited enzymatic reaction; however, the range of concentrations which e 
could be tested by this method was insufficient to demonstrate effectively | « 
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TABLE V 
\Effect of Isoleucine on Norleucine Toxicity 
Test organism, Escherichia coli; incubated 14 hours at 37-38°. 








Galvanometer readings 





























pit-Norleucine pL-Methionine : . . 
Without isoleucine | bi Res may 
2 i per 10 ce. | ¥ per 10 ce. 

0 | 0 57 55 

10 0 1 50 

30 0 2 

0 10 54 58 

= | 10 55 87 

300 | 10 17 56 

1000 10 2 15 

3000 10 | | 7 

0 | 30 | 50 | 53 

300 30 56 53 

1000 | 30 2 53 
Antibacterial index................... | 30 Ca. 100 Ca. 

TaBLe VI 


Relative Effect of Leucine, Isoleucine, and Valine on Toxicity of Norleucine 
Test organism, Escherichia coli; incubated 15 hours at 38-39°. 





Galvanometer readings 


Amino acids* pL-Norleucine, y per 10 ml. 





9 | 300 | 1000 | 3000 | 10,000 | 30,000 
¥ per 10 cc. 

None 50 15 l 
pL-Valine 200 50 45 6 ) 

es 2000 48 46 20 1 
pL-Isoleucine 200 50 40 29 1 

- 2000 49 40 23 1 

pL-Leucine 200 49 50 33 1 
pL-Leucine | 
pi-Isoleucine ( 200 each 51 | 80 | 47 | 19 2 | 
pL-Valine 
pi-Isoleucine \ 00 | 49 | 48 44 1 
pL-Valine 
pL-Isoleucine \ 


“ae , 2000‘ 48 48 47 43 a) el 
pL-Valine 


* In the presence of 10 y per 10 ce. of pt-methionine. 
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that this was the case. Neither isoleucine nor valine at concentrations 
of 1 mg. per 10 cc. had any appreciable effect on the toxicity of norleucine 


for Lactobacillus pentosus in this medium. 


In Table VIII, the effect of leucine and glutamic acid and the two 
combined on the toxicity of norleucine for Escherichia coli is indicated. 


Test organism, Lactobacillus pentosus; incubated 40 hours at 30°. 


TaBLe VII 


Effect of Methionine and Leucine on Toxicity of Norleucine for Lactobacillus 


pentosus 











Galvanometer readings 












































pt-Norleucine DL-Methionine DL-Leucine 
“2 0 y per 10 cc. ype ee. 
0 47 52 
300 44 46 
1,000 14 15 
3,000 3 4 
a er per 10 - 30 y per 10 e. 
0 53 48 
300 48 56 
1,000 24 27 
3,000 6 14 
10,000 2 
3 y per 10 cc. Ra 100 y per 10 cc. = 
0 56 53 
1,000 31 54 
8,000 25 42 
10,000 7 25 
10 y per 10 ec, 300 y per 10 cc, ¥ 
0 60 61 
3,000 53 65 
10,000 38 60 





Each exerted its effect independently of the other. 





Leucine in this case 


increased the antibacterial index 10-fold, glutamic acid 3-fold, and the two 
combined increased the antibacterial index 30-fold. The effect obtained 
with glutamic acid can also be obtained with a-ketoglutaric acid (at con- 
centrations as low as 10 y per 10 cc.) or with pantothenic acid (1 y per 10 
cc.) or thiamine (1 y per 10 cc.). 


The effect as indicated in Table VIII is 
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not enhanced by increased concentrations of these substances, as is the 
ease with leucine and with a mixture of isoleucine and valine. 

Separate experiments with Escherichia coli indicated that pi-threonine 
(100 y per 10 cc.) and pt-homocystine (100 y per 10 cc.) were capable of 
preventing the toxicity of norleucine at concentrations 3 to 10 times that 


Tas.e VIII 
Effect of Leucine and Glutamic Acid on Toxicity of Norleucine 
Test organism, Escherichia coli; incubated 15 hours at 37-38°. 





Galvanometer readings, supplement 





pi-Norleucine | pt-Methionine 'pL-Leucine (600 


None pL-Leucine | t-Glutamic acid ‘per 10 cc.), L-glu- 


























(600 y per 10 cc.) | (300 y per 10 cc.) tamic acid (300 y 
| per 10 cc.) 
yper10cc. | vy per 10 ce. | 
0 | tl) foe 56 | 85 56 
30 | ae 55 | 58 55 
100 1 1 50 | 49 57 
300 1 47 as em 
1,000 | 1 1 | 32 
3,00 | 1 | Lee 
0 | 3 55 55 | 85 55 
100 3 | 56 55 54 57 
| 300 3 | 9 54 45 57 
1,000 | 3 1 47 11 53 
3,000 | g* 6 15 
10,000 3 | 2 4 
0 10 55 55 57 57 
300 | 10 46 56 57 59 
1,000 | 10 | 4 54 35 57 
3,000 | 10 31 6 47 
10,000 | 10 5 2 16 
30,000 10 3 4 
0 | 30 55 54 | 55 55 
1,000 0 8 6| Clot 52 54 57 
3,000 30 | 4 48 32 55 
10,00 | 3 | 14 2 | 4g 
30,000 30. 4 ae | 
Antibacterial index...... 100 Ca. 1000 Ca. 300Ca. | 3000Ca. 








necessary for the same degree of inhibition in a salts-glucose medium in the 
absence of these substances. However, in a medium containing 10 y per 
10 ce. of pu-methionine, these amino acids exerted no effect. 

Norleucine in separate tests was found to be synergistic with 2-oxo-4- 


} imidazolidinecaproic acid in preventing the growth of Escherichia coli. 
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By combining each analogue in approximately one-fourth the amount 
necessary alone for complete inhibition of growth, the growth of Escherichia 
coli in the salts-glucose medium was completely prevented. 


DISCUSSION 


In previously reported considerations of competitive analogue-metabolite 
growth inhibitions of bacteria, exogenous substances other than the metab- 
olite which are capable of preventing the toxicity of the analogue are (a) 
precursors: of the metabolite (5), (b) the product of the enzymatic reaction 
“blocked” by the analogue (4), and (c) substances exerting a “sparing 
action” on the product of this enzymatic reaction (10, 11). A fourth 
type of agent capable of exerting such an effect includes (d) substances 
capable of increasing the effective enzyme concentration. 

The effect of a precursor (a) of the metabolite is “diluted” (5) by in- 
creasing the concentration of the metabolite, and the antibacterial index 
determined at the higher concentration of the metabolite is identical with 
that determined in the absence of the precursor. Upon supplying ade- 
quate amounts for growth of the product of the “blocked” enzymatic 
reaction (b), the analogue either becomes ineffective as a growth inhibitor 
or at higher concentrations affects another enzyme system utilizing the 
metabolite (4). In the latter case, the antibacterial index corresponding 
to this new system is higher than that determined in the absence of the 
product. The antibacterial index determined in the presence of reversing 


agents of types (c) (10, 11) and (d) invariably is increased over that de- » 


termined in the absence of such agents. 

The actions of reversing agents of types (c) and (d) are demonstrated 
most readily by the following simple system under testing conditions which 
have limitations previously described (4). 


E+ S=ES—- P + E 
E+I= EI 
From these equations, as previously discussed (4), 


W _ KrlBD J 
[S} Ks{ES) 

where K, and Ks are the dissociation constants of the inhibitor (analogue)- 
enzyme complex and the substrate (metabolite)-enzyme complex, respec- 
tively, [J] and [S] are the concentrations of the inhibitor and substrate, 
respectively, and [EJ] and [ES] are the concentrations of the inhibitor- 
enzyme complex and the substrate-enzyme complex. 

If [Z,] represents the total effective enzyme concentration, then 


[Ay] = [BS] + [EI] + [F] (2) 
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where [E] represents the concentration of free enzyme not associated with 
either the substrate or inhibitor. Since under testing conditions, [Z] — 0 
with increases in the concentration of substrate and inhibitor, 7.e. enzyme 
saturation is practically attained, [Z] may be neglected in determining 
[EI], which is relatively large. Thus when [E] is neglected in equation (2), 


[EI] = [E,] — [ES] (3) 
Substituting for [7] in equation (1) gives 


(N _ Ky {ld — (28 
(S1~ ~ Kalas) 





(4) 


Since the ratio of [/]:[S] is determined under conditions such that the rate 
of synthesis of the product, P, from ES must be constant (4), under the 
defined condition in which only [J], [S], and [#,] may be varied by ex- 
ogenous substances, [HS] must be constant and relatively small in com- 
parison to [Z,]. Consequently the antibacterial index, [/]:[S], will vary 
almost directly with [Z;]. 

Thus, substances capable of increasing the effective concentration of 
the inhibited enzyme (d) will prevent the toxicity of the analogue inhibitor 
in such a manner as to increase the antibacterial index. 

The same line of reasoning can be applied to substances exerting a “‘spar- 
ing action.”’ If exogenous substances act in such a manner as to decrease 
the amount of product P necessary for growth, [ZS] must be diminished 
by increasing [/|:[S] if growth of the organism is to be prevented. In 
this case it is apparent from equation (4) that if [FZ,] is assumed to be 
constant in the absence of reversing agents of type (d), the antibacterial 
index varies almost inversely with [ES], since [E;] is relatively large in 
comparison with [ZS] under testing conditions. Since the amount of 
product synthesized is directly proportional to [ES], the decrease in the 
amount of P required by the organism resulting from the addition of these 
substances exerting a “sparing action” is reflected by practically a pro- 
portional increase in the antibacterial index. 


Since reversing agents of types (b), (c), and (d) are capable of effecting 
an increase in the antibacterial index, a system of differentiating these 


effects is desirable. Although, it has not as yet been possible to devise a 
system for isolated cases, a group of agents effecting changes in the anti- 
bacterial index can usually be differentiated into the various classes. 
Reversing agents of type (c) and (d) exert their effects independently 
of the other, but neither exerts an effect in the presence of the product 
type (b). Usually the change in the antibacterial index resulting from 
supplying a reversing agent of type (d) will be of a low order of magnitude, 
usually not detected under testing conditions, while that of type (6) is 
usually relatively large. When the “sparing action” of a reversing agent 
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of type (c) is that of supplying a secondary product derived from the 
primary product, the magnitude of the change in the antibacterial index jg 
often relatively large. Other types of sparing actions are less frequently 
encountered. ; 

Hence, for the great majority of cases, on supplying a substance to the 
growth medium, an increase in the antibacterial index of 3-fold or greater 
is a good indication that the metabolite functions directly or indirectly in 
the biosynthesis of the substance or its equivalent. 

A study of the competitive inhibition by norleucine of the functioning 
of methionine led to the discovery of nine different substances which are 
reversing agents of the inhibition. The effects of two of these, threonine 
and homocystine, were “diluted” at higher concentrations of the metabo- 
lite and may be considered as precursors of methionine. The antibacterial 
indices determined in the presence of the other seven even at higher con- 
centrations of methionine were increased over that determined in their 
absence. Classification of these substances under the reversing agents 
of types (b), (c), and (d) was desirable. 

The members of one group, a-ketoglutaric acid, glutamic acid, panto- 
thenic acid, and thiamine, were interchangeable under the conditions of 
testing. Each member of this group of reversing agents was incapable of 
preventing the toxic action of norleucine beyond a definite ratio of analogue 
to metabolite, and in the presence of one, the others were not effective. 
This ratio was usually about 3 times the antibacterial index determined 
in their absence. 

Leucine, isoleucine, and valine were a second group of factors which 
appeared to be slightly different in their mode of preventing the toxic action 
of the inhibitor. Increasing concentrations of leucine required increasing 
concentrations of norleucine for inhibition of growth, but the action was 
not strictly competitive. Either isoleucine or valine was capable of exert- 
ing an effect of a magnitude similar to that of the first group; however, a 
mixture of these two amino acids replaced leucine in giving this effect. 
The reported mutual antagonistic action of the two keto acids correspond- 
ing to valine and isoleucine (12, 13) as well as the amino acids themselves 
(14) suggests a basis for the requirement of a mixture of these two amino 
acids in order to attain the maximum effect of leucine. The effect of high 
concentrations of leucine was not effectively “diluted”? by increased con- 
centrations of methionine; so the effect is not merely increasing the produe- 
tion of methionine. A member of either the first or second group of re- 
versing agents was capable of exerting its effect in the absence or in the 
presence of a member of the other group, as is demonstrated in Table VIII. 

Since both thiamine and pantothenic acid function in the biosynthesis of 
a-ketoglutaric acid, it appears that their effects may be to enhance produe- 
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tion of a-ketoglutaric acid. 2-Oxo-4-imidazolidinecaproic acid, which 
apparently prevents the biosynthesis of a-ketoglutarate by the organism 
(15), acts synergistically with norleucine in preventing growth of Escherichia 
coli. It appears that a-ketoglutarate may therefore function as a reversing 
agent of type (d). 

Since the first group shows an effect in the presence of the second group 
of reversing agents, the second group probably represents reversing agents 
of type (c). The effect of high concentrations of leucine may be due to a 
reverse reaction whereby leucine further “spares” the immediate product 
of the blocked reaction. The inactivity of the corresponding keto acids 
of leucine and isoleucine suggests that norleucine prevents the function 
of methionine in an enzyme system dealing with the transfer of amino 
nitrogen. The involvement of a-ketoglutarate is suggestive of trans- 
amination. The activities of leucine, isoleucine, and valine indicate a 
common source of interchangeable amino nitrogen in their biosyntheses. 


SUMMARY 


The types of reversing agents other than the metabolite in competitive 
analogue-metabolite growth inhibitions are listed, and the types of effects 
obtained with each are discussed. 

A study of the competitive inhibition of the functioning of methionine 
by norleucine has been made with Escherichia coli and Lactobacillus pento- 
sus. For Escherichia coli, nine substances other than methionine were 
found to affect the inhibition. Threonine and homocystine were found 
to affect the inhibition in a manner characteristic of precursors. Pan- 
tothenic acid, thiamine, a-ketoglutaric acid, or glutamic acid was found 
to be interchangeable in exerting an effect on the inhibition which was 
characteristic of substances increasing the effective enzyme concentration 
of the reaction ‘“‘blocked” by norleucine. Leucine or a mixture of iso- 
leucine and valine exerted an effect which suggests that methionine func- 
tions in the biosynthesis of these amino acids, probably in the amination, 
since the corresponding keto acids were inactive. 
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LETTERS TO THE EDITORS : 


PHOSPHORYLATION COUPLED TO ELECTRON TRANSPORT 
BETWEEN DIHYDRODIPHOSPHOPYRIDINE NUCLEOTIDE 
AND OXYGEN* 


Sirs: 


Measurement of efficiency of aerobic phosphorylation coupled to oxida- 
tion of pyruvate over the Krebs tricarboxylic acid cycle has disclosed that 
an average of 3 moles of inorganic phosphate becomes esterified during 
the passage of a pair of electrons from substrate to oxygen.' 


Phosphorylation Coupled to DPNH:z Oxidation 


Warburg vessels contained 0.30 ml. of enzyme preparation, 0.005 m MgSO,, 0.05 
u KCl, 0.02 m glycylglycine buffer, pH 7.4, 0.002 m ATP, 1.5 X 10-5 m cytochrome ec, 
186,000 counts per minute, P® as inorganic phosphate, and pyridine nucleotides in 
total volume of 1.0 ml. Incubated in air at 30° for 7 minutes. Other conditions are 
indicated below. 


Per cent of counts in acid- 
soluble esterified P 
Experiment No.} 


Plus DPNH:}| Plus DPN 


(S mg.) (5 mg.) 
1 | Complete system..................... 2 28.3 1.99 
2 ‘ = ATP omitted......... 9.25 0.526 
3 re e cytochrome c omitted. ... 1.10 1.51 
4 6s ‘*  Mg** omitted. . 1.35 0.296 
5 7 ic (anaerobic)... . pha hk, 2.42 
6 ie “ + 0.018 mM NaF.......... 37.0 
7 7 “ + 0.009 ‘* arsenite 1.68 

No nyridine nucleotide 
8 Zero time ; 0.047 
9 Complete system siren but hives t.65 
10 "i 2 + 0.01 mM malate......... 33.8 


To determine whether esterification of inorganic phosphate is coupled to 
the passage of electrons from reduced diphosphopyridine nucleotide 
(DPNH.) to oxygen, we have used P® as a tracer. IDPNH, of 70 per cent 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council) and Mr. Ben May, Mobile, Ala- 
bama. 

1 Ochoa, 8., J. Biol. Chem., 161, 493 (1943). 
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purity? was incubated aerobically with a particulate fraction of rat. liver 
which catalyzes all the reactions of the Krebs cycle and fatty acid oxida. 
tion.* The medium contained inorganic P labeled with P®, Mgt, eyto. 
chrome c, and ATP. The reaction was stopped with trichloroacetic acid 
and the acid-soluble esterified P fraction then separated for determination 
of radioactivity. As a control, oxidized DPN of 56 per cent purity was 
substituted for DPNH». The table shows the results of this experiment 
and the effects of the omission of components, anaerobiosis, and the 
presence of inhibitors. 

It can be seen that a large incorporation of inorganic P* into the esterified 
fraction occurred during oxidation of DPNH, comparable to that found 
when a Krebs cycle intermediate, /-malate, was oxidized by the system, 
However, when DPN was substituted for DPN H., no significant esterifica- 
tion took place. The presence of ATP, Mg**, and cytochrome ¢ was 
required for the phosphorylation which did not occur anaerobically 
Fluoride increased the amount of P® incorporated, whereas arsenite 
completely abolished the effect. 

Comparable experiments with the DPN-linked oxidation of /-3-hydroxy- 
butyrate to acetoacetate in which oxygen uptakes were measured accurately 
corroborated the above findings and disclosed that the ability to esterify 
phosphate is lost after aging the enzyme at 2° for 2 days without impairing 
the oxidation. 


Departments of Biochemistry and Surgery Morris FRIEDKIN‘ 
University of Chicago ALBERT L. LEHNINGER 
Chicago 
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2 Ohlmeyer, P., Biochem. Z., 297, 66 (1938). 
3 Lehninger, A. L., and Kennedy, E. P., J. Biol. Chem., in press. 
‘ National Institute of Health Research Fellow 
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A NEW BLOOD CLOTTING INHIBITOR 
Sirs: 

On attempting to purify thromboplastin, various investigators! have 
obtained materials which possess decreased thromboplastic activity. In 
our work we have confirmed these observations.? The question arises as to 
what causes this decrease in thromboplastic activity. Is it that a com- 
ponent inherent to the thromboplastin molecule has been denatured, 
inactivated, or removed, thus inactivating the molecule? Or is it due to 
the presence of an inhibitor, the concentration of which has been increased 
by the attempted purification procedure, thus causing a decrease in the 
observed thromboplastin activity? It is our belief that the reduction in 
thromboplastic activity is due to an increase in concentration of the 
thromboplastin inhibitor. Chemical isolation and identification of such a 
substance might indirectly point to the chemical structure of thrombo- 
plastin, since it is a known fact that most biologically active compounds 
have a structure similar to their inhibitors. 

We have investigated the possibility of isolating a thromboplastin 
inhibitor. Ky chemical fractionation, a material possessing inhibitory 
properties was obtained from the phosphatide fraction of dried beef brain 
and rabbit lung thromboplastins, and also from soy bean phosphatides and 
human plasma.® In our preliminary work our most active inhibitory 
fraction had chemical properties similar to inositol phosphatides isolated 
from brain and soy beans. On chemical analysis, the following data were 
obtained: brain inositol phosphatide, C 53.3, P 4.3, N 1.0, ash 17.1; soy 
bean inositol phosphatide, C 54.1, P 2.9, N 1.1, ash 13.2. The analytical 
data compare favorably with the analysis given by Folch‘ on brain inositol 
phosphatide, and by Woolley® on soy bean inositol phosphatide. To verify 
the identity of our thromboplastin inhibitor preparation, we then isolated 
brain and soy bean inositol phosphatides by the methods of Folch* and 
Woolley. The material isolated in this manner had the same properties 
as our thromboplastin inhibitory fraction, indicating that it is identical 
with the inositol phosphatide fraction. Samples of inosito! phosphatide 


' Chargaff, E., in Nord, F. F., and Werkman, C. H., Advances in enzymology 
and related subjects, New York, 5, 31 (1945). Quick, A. J., The hemorrhagic dis 
eases, Chicago (1942). Studer, A., Volume jubilaire en l’honneur de M. Emile 
Christophe Varell, Bale (1946). 

? Overman, R.S8., and Wright, I. 8., unpublished data. 

* Overman, R.8., Conference on blood clotting and allied problems, Josiah Macy, 
Jr., Foundation, New York, Feb. 16-17 (1948). 

‘Folch, J., J. Biol. Chem., 146, 35 (1942). 

' Woolley, D. W., J. Biol. Chem., 147, 581 (1943). 
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isolated from brain and soy beans were generously supplied by Dr. H. 
Carter of the University of Illinois. These samples also possessed inhib. 
itory activity similar to that of our thromboplastin inhibitory preparation 
At present we are working on the determination of the chemical struetyy 
of this inhibitor and its biological action on animals. 

When rabbit lung thromboplastin is used, 0.5 mg. of our most active 
preparation prolongs the prothrombin time (Quick method) from 19 to 109 
seconds on normal human plasma. 1 mg. of the inhibitor prolongs the 
prothrombin time from 19 to 200 seconds. By the use of whole blood and 
the determination of the coagulation time by the Lee-White method, 20 
mg. of our preparation prolong the clotting time from 6 to 50 minutes 
5.0 mg. of the inhibitor prolong the coagulation time from 6 minutes to over 
72 hours. 

According to Carter, lipositol (inositol phosphatides) inhibits the anti 
biotic activity of streptomycin. Logically this would seem to indicate that 
streptomycin might have a structure similar to that component of throm- 
boplastin which is inhibited by lipositol. We have found that streptomyein 
hydrochloride (Merck) and streptomycin sulfate (Ili Lilly and Company 
have an effect similar to inositol phosphatide in that they prolong the 
prothrombin time and coagulation time of blood. Further work is in 
progress to ascertain the mechanism of this action. 


Department of Medicine Rap 8. OvERMAN 
Cornell University Medical College InvinG S. Wricut 
New York City 
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¢ Rhymer, I., Wallace, G. I., Byers, L. W., and Carter, H. E., J. Biol. Chem., 169, 
457 (1947). 
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INHIBITION OF THE PHOSPHORYLATION OF GLUCOSE BY 
MENINGOCOCCAL ENDOTOXIN* 


Sirs: 


In the course of investigations dealing with the mode of action of bacterial 
endotoxins, it was found that meningococcal endotoxin, prepared in Dr. 
C. P. Miller’s laboratory according to a method described elsewhere,! 
inhibited the in vitro utilization of glucose by rat muscle extracts. This 
inhibition did not occur if Zn-free insulin? was added to the reaction 
mixture. The preparation of the rat muscle extracts and the determina- 


Inhibition of Glucose Utilization by 2 Mg. of Meningococcal Endotoxin 





| 
2 mg.” meningococ- | 





Series No. Normal ‘ingococeal en B areas al agndotorin. | Avene = mn 
= ? Peet ori eee eet | — Pee eos 
l 535 | 350 | 28 
517 375 
2 610 400 | | 36 
580 392 
596 360 | 
3 480 310 35 
500 340 
470 | 295 
+ 590 480 560 | Without insulin 
610 360 640 24; with insu- 
570 440 650 lin 0 
540 


550 | 490 


* In terms of solid content. 


tion of glucose utilization were carried out under the experimental condi- 
tions described by Colowick, Cori, and Slein.? The muscle extracts were 
kept in an ice box for 2 hours previous to the experiment in order to obtain 
maximal enzyme activity. The results expressed as micrograms of glucose 
utilized per reaction mixture are summarized in the table. 

Since under these circumstances the glucose utilization can be considered 
a measure of hexokinase activity, it was concluded that meningococcal 


* This investigation was supported jointly by the United States Navy Office of 
Naval Research and the University of Chicago. 

‘Kun, E., Proc. Soc. Exp. Biol. and Med., 66, 197 (1947). 

* The amorphous preparation of Zn-free insulin was kindly supplied by Dr. Chen 
of Eli Lilly and Company. 

* Colowick, S. P., Cori, G. T., and Slein, M. W., J. Biol. Chem., 168, 583 (1947). 


761 


i 
i 
{ 
| 
: 
| 














762 LETTERS TO THE EDITORS 


endotoxin inhibits this enzyme. Further studies with purified hexokin 
are in progress. 

These experiments strongly suggest that the disturbances of the carbo. 
hydrate metabolism in meningococcal toxemic rabbits‘ and in meningocog. 
cic meningitis in humans reported by Fox, Kuzma, and Washman' can hyp 
explained by a direct effect of meningococcal endotoxin on enzymatic 
reactions in the host. 


ase 


Departments of Pharmacology and Medicine ERNEsT Kuy 
University of Chicago 
Chicago 
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‘Kun, E., and Miller, C. P., Proc. Soc. Exp. Biol. and Med., in press. 
’ Fox, M. J., Kuzma, F. J., and Washman, W. T., Arch. Int. Med., 79, 614 (1947 
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ANTIPERNICIOUS ANEMIA EXTRACTS AND TYROSINE 
METABOLISM IN THE SCORBUTIC GUINEA PIG 


Sars: 

Swendseid, Burton, and Bethel’ have shown that the pernicious anemia 
patient in relapse excretes large quantities of keto acid and hydroxyphenyl 
compounds (calculated as tyrosine). With the administration of ap- 
propriate liver extracts the level of excretion of these metabolites returned 


to the normal value simultaneously with the characteristic improvement 
in the blood picture. Since the scorbutic but not the normal guinea pig 


Keto acid excretion before and after injection 
Liver extract injected 











24 bss. helees 24 hrs. after Per cent deteunee pee unit 
‘eailte Ps } om. 
15 202 159 1.42 
20 | 237 | 172 1.37 
20 195 135 | 1.54 
20 215 186 0.67 
RUN ilica's. 5s sx caseia lacie wus ie Me tenn een 1.25 + 0.29 
7.5 244 | 199 2.46 
7.5 314 265 | 2.08 
15 253 208 1.19 
22.5 325 156 2.31 
eT eee eer Te errr) re 2.01 + 0.41 


exhibits the excretion of tyrosine metabolites when extra tyrosine is fed,? 
it is of interest to determine the effect of similar liver extracts. In pre- 
liminary experiments’ in 1943 very striking positive results were obtained. 
More recently, additional detailed experiments have been performed. 
Scorbutic guinea pigs receiving 200 mg. of extra tyrosine per 100 gm. of 
body weight per day showed keto acid excretion values, as illustrated in the 
accompanying table. As also may be seen, the subcutaneous injection of 
antipernicious anemia preparations caused a marked reduction in the 
amount of keto acid excretion. Total phenolic (tyrosyl) values paralleled 
the keto acid values. With a given preparation the effect observed may 


' Swendseid, M. E., Burton, I. F., and Bethel, F. H., Proc. Soc. Exp. Biol. and Med., 
62, 202 (1943). 

? Basinski, D. H., and Sealock, R. R., J. Biol. Chem., 166, 7 (1946). 

*Sealock and Basinski, unpublished. 
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be roughly correlated with the number of units injected. Other liye; 


extracts yielded similar results, although correlation between extracts oy 
the basis of unitage was relatively poor. Since the unitage of such prepara. 
tions may be uncertain, we have continued an investigation of the pro. 
cedure as an experimental and quantitative assay method for either the 
antipernicious anemia factor or other factors present and responsible for 
the observed effect. Under any circumstances, the extracts produce gy 
effect on tyrosine metabolism similar in gross aspects to the effect of 
ascorbic acid and the more recently announced effect of pteroylglutamie 
acid. However, they do not, as we have also observed, increase the 
in vitro oxidation of tyrosine by liver tissue, as do ascorbic acid® and pteroyl. 
glutamic acid.® 


Department of Chemistry RoBERT RIDGELY SEALock 
Towa State College JEAN PapELL Lepow 
Ames 
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* Woodruff, C. W., and Darby, W. J., J. Biol. Chem., 172, 851 (1948). 

5 Lan, T. H., and Sealock, R. R., J. Biol. Chem., 155, 483 (1944). 

® Rodney, G., Swendseid, M. E., and Swanson, A. L., Federation Proc., 6, 419 
(1947). 
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PYRIMIDINE DERIVATIVES AS ANTAGONISTS OF 
PTEROYLGLUTAMIC ACID 


Sirs: 


Pteroylglutamic acid (PGA) has been assigned the role of the prosthetic 
group of an enzyme concerned with the synthesis of thymine! or thymine 
and purine? or their equivalents. In studies of a large number of pyrimidine 
derivatives, we have found an inhibition of the growth of Lactobacillus caset 
with PGA in the absence of purine to be a property of nearly all 2,4- 
diaminopyrimidines and their condensed systems, most 2-aminopyrimidine 





























Compound Antagonist added PGA Adenine Titer 
y per ml. my per ml. + per ml. ml.0.1 N per 10 ml. 
2,6-Diaminopurine 0 0.045 0 6.65 
0.1 0.045 0 2.20 
5.0 0.045 0 0.85 
0 0.045 1.0 6.90 
5.0 0.045 1.0 6.90 
0 2.8 0 15.10 
0.1 2.8 0 14.50 
0.5 2.8 0 6.55 
2,4-Diamino-6, 7- 0 0.045 0 7.35 
dimethylpteri- 0.5 0.045 0 5.75 
dine 5.0 0.045 0 2.95 
0 0.045 10 | 8.30 
0.5 0.045 10 | 7.75 
5.0 0.045 10 5.30 
0 2.8 0 15.10 
12.5 2.8 0 15.10 


derivatives, and several 2-amino-4-hydroxypyrimidine systems, including 
pteridines. These compounds demonstrably become involved in several 
enzyme systems, as can be shown by studies of (1) the reversibility of the 
inhibition by PGA, (2) the reversibility by purines, and (3) the effects on 
growth with thymine. These studies appear to segregate several inde- 
pendently variable properties which vary in prominence from compound 
to compound but are possessed in some degree by all. For example, the 
inhibitions of both 2,4-diamino-6,7-dimethylpteridine and 2,6-diamino- 
purine can be shown to be reversed competitively by PGA or by purines 
under chosen conditions, but they differ in the proportionate amounts of 
the two metabolites required to reverse a given inhibition and the range of 

1 Stokes, J. L., J. Bact., 48, 201 (1944). 

* Lampen, J. O., and Jones, M. J., J. Biol. Chem., 170, 133 (1947). 
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concentrations over which the reversals can be demonstrated. The action 
of the pteridine is reversible by PGA over a wide range of concentrations 
and by purines over a relatively restricted range, but with 2,6-diamino. 
purine the reversal by purines covers a much greater range of concentrations 
of antimetabolite than that by PGA (see the table). The 2-amino-4. 
hydroxypteridine derivatives, 2-aminopurine, and the 2-amino- and 2,4. 
diamino-6 ,7-dihydroxypteridines similarly produce inhibitions which are 
readily reversed by purines. However, these compounds cannot be con- 
sidered simply as antipurines, for they interfere minimally or not at all with, 
the utilization of exogenous purine when the microorganisms are grown with 
thymine rather than with PGA. On the other hand, the diaminodimethyl- 
pteridine, which has been regarded primarily as a PGA antagonist,’ has g 
considerable inhibitory effect on L. casei when the organism is grown with 
thymine and adenine. In this respect and in the reversals of the antagonism 
of PGA, 2,4-diamino-5-methyl- and 5,6-dimethylpyrimidines are inter. 
mediate in behavior between the diaminodimethylpteridine and the 
diaminopurine. 

The diaminopurine can be shown to be involved in at least two systems 
concerned with purine, for its effects are reversible equally well by adenine 
or guanine at low concentrations, but by adenine and not by guanine at 
higher concentrations. In view of the multiplicity of effects which these 
studies reveal, we feel that a certain amount of restraint in interpretation is 
called for. To regard any of these compounds as exhibiting a simple 
metabolite-antimetabolite relationship for a single enzyme system is a 
simplification which becomes acceptable only when other effects have been 
ruled out. 

Wellcome Research Laboratories GEorGE H. Hitcutnes 

Tuckahoe, New York GERTRUDE B. Etton 


HENRY VANDERWERIF 
Extvira A, Fauco 
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3 Daniel, L. J., Norris, L. C., Scott, M. L., and Heuser, G. F., J. Biol. Chem., 169, 
689 (1947). 
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OBSERVATION ON THE UTILIZATION OF GLYCINE IN THE 
BIOSYNTHESIS OF HEMOGLOBIN* 


Sirs: 

In the course of experiments on porphyrin biosynthesis and degradation 
we have attempted to prepare tagged hemoglobin protoporphyrin with 
carboxyl-labeled glycine. It has been demonstrated that glycine serves as 
a nitrogenous precursor of protoporphyrin.’ Recently it has been reported 
that the a-carbon of glycine is also utilized in protoporphyrin synthesis.” 

One 10 kilo dog, made anemic by bleeding, received by stomach tube in 
three portions over a period of 3 days 100 mg. of glycine’ labeled with C™ in 
the carboxyl group (total activity 5 X 107 counts per minute). Samples of 
blood were obtained on the 11th, 14th, 20th, 37th, and 52nd days following 
administration. Crystalline protoporphyrin methyl estert and globin’ 








Time ee Globin activity* 
days c.p.m. per mg. c.p.m. per mg. 
11 <0.1 

14 <0.1 

20 21.3 + 0.5 
37 <0.1 22.8 + 1.5 
52 <0.1 21.5 + 1.0 








*The deviations shown are estimated from average deviations of duplicate 
samples. 








were obtained and the radioactivity measured with a thin walled Geiger- 
Miller counter. The results are given in the accompanying table. No 
radioactivity was observed in the protoporphyrin. The globin showed an 
activity which has remained constant throughout the period of observation 
up to 52 days). 

One rat of 100 gm. weight, kept on a protein-free diet, received by 
stomach tube in four portions during a period of 3 days 200 y of the same 
labeled glycine (total activity of 2.1 X 105 counts per minute). 20 days 


* Supported by grants from Mr. John Mosby and Mr. John Greenberg. 

1Shemin, D., and Rittenberg, D., J. Biol. Chem., 159, 567 (1945). 

? Altman, K. I., Casarett,G. W., Masters, R. E., Noonan, T. R., and Salomon, K.., 
Federation Proc., 7, 2 (1948). 

* We are indebted to Dr. R. B. Loftfield, Massachusetts Institute of Technology, 
for the synthesis of the labeled glycine. 

‘Grinstein, M., J. Biol. Chem., 167, 515 (1947). 

* Anson, M. L., and Mirsky, A. E., J. Gen. Physiol., 18, 469 (1930). 

‘Kamen, M. D., Radioactive tracers in biology, New York, 175 (1947). 
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later the animal was bled to death, crystalline protoporphyrin methy] ester 
was prepared from the collected blood, and its activity was measurej 
Again no radioactivity was observed. The remaining total protein of the 
cells had an activity of 1.5 + 0.2 counts per minute. 

These results show that the carboxyl carbon of glycine is not utilized in 


the protoporphyrin biosynthesis, but is incorporated into the globin { 


molecule.’ Further studies are in progress. 


Department of Internal Medicine and the Mallinckrodt Motsés Grinstery 
Institute of Radiology Martin D. Kaney 
Washington University School of Medicine Car V. Moors 
St. Louis 
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’ The lack of utilization of glycine carboxy] in the formation of protoporphyrin has 
been observed independently by N. Radin, D. Rittenberg, and D. Shemin, private 
communication. 
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THE EFFECT OF SULFONAMIDE IN THE DIET OF 
PREGNANT RATS ON ERYTHROPOIESIS 
IN THE FETUSES* 


) Sars: 


We have been attempting to produce an anemia in fetal rats by various 
techniques. The inclusion of sulfonamides in the diet of adult rats is 
known to produce an anemia which may be relieved by the administration 
of liver concentrates or folic acid. An experiment attempting to produce 
an anemia in fetal rats by feeding the pregnant animals a diet containing 
succinylsulfathiazole gave anomalous results. 





| 





Maternal blood | | Fetal blood 
i —__—-| yale nea 
- |E rth- litt nev | 
| S| 8 | neces | Eon 
et ee = ee het) ee ee ee 
seme ia | gm. per cent oT 108 per c.mm. 
} BEE rcv das cess ee | 10. 05 5.22 7 44 12.67 2.82 
(11.3-13.6) | (2.41-3.46) 
“ 4 folic acid...... 14.70 7.91 4 34 10.60 2.38 
| | (9.6-11.8) | = 
Normal stock........... | 5 45 | 10.40 2.28 
| | | @.8-11.8) | (2.01-2.42) 











. +The figures in : perenthonse repeouent the range of the mean valine of the littews: 


Two groups of female rats were kept on a basal synthetic diet containing 
| per cent succinylsulfathiazole, the crystalline B vitamins, and vitamins A, 
D, E, and K; the diet of the control group was supplemented with 2 mg. of 
folic acid? per 100 gm. of food. After 10 days, the rats were mated. Di- 
rectly after birth, blood samples were obtained from the new-born and the 
maternal rats by heart puncture. The hemoglobin analyses and the 


| erythrocyte counts are shown in the table. 


Although the expected anemia appeared in the maternal rats deprived of 
folic acid, surprisingly the fetal blood contained a higher concentration of 
hemoglobin than was found in the blood of the control fetal rats. <A 


* This work was supported by a grant from the Foundation for Vision for the study 
of Retrolental Fibroplasia. 

‘Spicer, 8S. S., Daft, F. S., Sebrell, W. H., and Ashburn, L. L., Pub. Health Rep.., 
U.S. P. H. S., 67, 1559 (1942). Franklin, A. L., Stokstad, E. L. R., Belt, M., and 
Jukes, T. H., J. Biol. Chem., 169, 427 (1947). 

? The folic acid used was about 85 per cent pure (Folvite powder, No. 7-7904). It 
was generously supplied by Dr. M. C. Lockhart of the Lederle Laboratories. 
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statistical analysis of the data showed that the difference between the 


mean values for hemoglobin is significant, while that for the erythrocyte | 


counts is of doubtful significance. There appear to be no significan 
differences between the values for the control fetal blood and those for the 
blood of fetuses from mothers kept on a normal stock diet. 

It appears possible that the higher concentration of hemoglobin in th: 


fetuses from the folic acid-deficient maternal rats may be due to a greater 


availability of hemoglobin precursors; e.g., iron. The maternal rat, being 
unable to utilize the hemoglobin precursors normally because of the relative 
deprivation of folic acid, may make the precursors more readily available 
for the fetuses. 


Harvard Medical School and the MartTIn B. WIturamgoy 
Massachusetts Eye and MuRI£E.L APPEL 
Ear Infirmary 
Boston 
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* When litters were taken as the statistical unit, the significance between the mean 
values for the hemoglobin was found to be P < 0.01, for the erythrocyte counts P = 
0.07 (‘‘Student”’ ¢ test). When single fetuses were used as the statistical units, the 
differences were all found to be highly significant. 
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INHIBITION OF XANTHINE OXIDASE AND RELATED 
ENZYMES BY 6-PTERIDYL ALDEHYDE* 


Sirs: 


We have recently reported! the inhibition of xanthopterin oxidase and 
xanthine oxidase by synthetic pteroylglutamic acid (PGA). However, 
since an exceptionally pure sample? of PGA, which was later examined, 
possessed less than one-sixth of the inhibitory power previously observed, it 
appears possible that the effect is due to traces of a contaminant. The 
observation by Lowry and Bessey* that 2-amino-4-hydroxy-6-pteridyl 
aldehyde, a primary photofission product of PGA, strongly inhibits 
pteridine oxidase suggests that this aldehyde may be the active inhibitor in 
the above enzyme systems. We have now found that the 6-pteridyl 
aldehyde, prepared by hydrolysis of PGA in sulfurous acid,‘ is on a molar 
basis 200 to 400 times more active as an inhibitor of xanthine oxidase 
(i.e. 0.005 to 0.02 y per ml.) than the folic acid preparations previously 
studied. . 

A number of other oxidases related to xanthine oxidase are also strongly 
inhibited by 6-pteridyl aldehyde. It was mentioned that Lowry found 
that the enzymic oxidation of 2-amino-4-hydroxypteridine to iso- 
xanthopterin is inhibited by minute amounts of the pteridyl aldehyde. 
Xanthopterin oxidase from milk and liver is likewise inhibited by small 
amounts of pteridyl aldehyde. This substance exerts also a strong effect 
on quinine oxidase from rabbit liver. A concentration of 0.4 y of pteridyl 
aldehyde per ml. reduces the quinine oxidase activity to about 30 per cent 
of that of the uninhibited sample. This observation may have pharmaco- 
logical interest inasmuch as human liver is reported to contain quinine 
oxidase. 

Uricase and triose phosphate oxidase were not inhibited by the addition 
of pteridyl aldehyde. 

The potency of 6-pteridyl aldehyde as an inhibitor is lost by addition of 
2,4-dinitrophenylhydrazine which reacts with the free aldehyde group. 


*This work has been supported by grants from the Donner Foundation, the 
Lederle Laboratories Division, American Cyanamid Company, the Rockefeller 
Foundation, the Carlsberg Foundation, and the Ella Sachs Plotz Foundation. 

1 Kalekar, H. M., and Klenow, H., J. Biol. Chem., 172, 349 (1948). 

* Kindly furnished by Dr. T. H. Jukes, Lederle Laboratories Division, American 
Cyanamid Company. 

+ Lowry, O. H., and Bessey, O. A., private communication. 

‘ Hutchings, B. L., Stokstad, E. L. R., Mowat, J. H., Boothe, J. H., Waller, C. H., 
Angier, R. B., Semb, J., and SubbaRow, Y., Ann. New York Acad. Sc., 48, 273 (1946). 

’ Knox, W. E., J. Biol. Chem., 163, 699 (1946). 
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The inhibitory effect of various Folvite fractions is also extinguished by 
addition of diphenylhydrazine, indicating that the inhibitory component of 
these preparations might be caused by traces of 6-pteridyl aldehyde or re. 
lated compounds. Metalic zinc, which presumably reduces the pteridy| 
aldehyde, destroys the inhibitory potency. Irradiation of 6-pteridy| 
aldehyde, which is reported to yield pteridylcarboxylic acid,? likewise led to 
a disappearance of the inhibitory action. 

Milk and rat liver contain an enzyme which converts pteridyl aldehyde 
into a non-inhibitory substance which exhibits a somewhat higher fluores. 
cence than the original product. The nature of this conversion product js 
under investigation. We are inclined to believe that the previously re- 
ported enzymic transformation of pteroylglutamic acid® which manifests 
itself by a more or less complete loss in inhibitory potency towards xan- 
thopterin oxidase must be ascribed to an enzymic transformation of the 
traces of 6-pteridyl aldehyde presumably present in the folic acid prepara- 
tions used. 

The action of 6-pteridyl aldehyde on the oxidative breakdown of purines 
warrants further investigations as to the possible effects of this highly 
active inhibitor on purine metabolism in vivo. 


Institute for Medical Physiology HERMAN M. Katcrar 
Enzyme Research Division NIELs OLE KJELDGAARD 
University of Copenhagen Hans KLENow 


Copenhagen, Denmark 
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6 Kalckar, H. M., and Klenow, H., J. Biol. Chem., 172, 351 (1948). 
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THE EFFECT OF DINITROPHENOL ON THE INCORPORATION 
OF ALANINE LABELED WITH RADIOACTIVE CARBON 
INTO THE PROTEINS OF SLICES OF NORMAL AND 
MALIGNANT RAT LIVER* 


Sirs: 

Early experiments of Clowes and Krahl! indicated that dinitrophenol 
permits oxygen consumption and yet interferes with cell division of the sea 
urchin egg. Later studies of Hotchkiss? pointed to an interference of di- 
nitrophenol with phosphate uptake in respiring yeast. The recent work 
of Loomis and Lipmann* has identified the property of dinitrophenol to un- 
couple the interlocked processes of respiration and phosphorylation. 














Normal liver Primary hepatoma 

DNP, molar con- | __ ee : 
— O: consumption | —— a Oz consumption | — so 
0 50, 57 30, 32 82, 78 285, 227 
1 xX 10° 50, 49 38, 31 89 276 
iy San lg 75 17 93, 105 172, 170 
ix 10" 70 8.6 101, 98 98, 94 
5 X 10-4 57, 5 0.9, 0.8 32, 19 1.2, 1.2 
1X 10°? 53, 56 0, 0.5 19, ll 1.5, 1.4 

















Temperature 37°, pH 7.40, 100 per cent oxygen in the gas phase, incubation time 
34 hours. Oxygen consumption is expressed as microliters of oxygen consumed per 
30 minutes per 0.1 mm BaCQ;. The BaCQ;is obtained by ninhydrin decarboxylation® 
of the amino acids present in hydrolysates of the slice proteins. The counts per 
minute (c.p.m.) are likewise expressed per 0.1 mm BaCOs, at 0.1 mm thickness of the 
BaCO; precipitate used for solid counting. Figures are given for duplicate vessels. 
Hepatomas were induced by feeding a diet containing p-dimethylaminoazobenzene. 


Dinitrophenol has thus been shown to interfere with the formation of en- 
ergy-rich phosphate bonds in a respiring system. 
Previous studies‘ have demonstrated that C'-carboxyl-labeled alanine 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council), Contracts N5ori-76 and 
Nbori-78, United States Navy Department, and the Godfrey M. Hyams Fund. This 
is Reprint No. 245 of the Cancer Commission of Harvard University. 

1 Clowes, G. H. A., and Krahl, M. E., J. Gen. Physiol., 20, 145 (1936). 

? Hotchkiss, R. D., in Nord, F. F., and Werkman, C. H., Advances in enzymology 
and related subjects, New York, 4, 153 (1944). 

Loomis, W. F., and Lipmann, F., J. Biol. Chem., 178, 807 (1948). 

‘Frantz, I. D., Jr., Loftfield, R. B., and Miller, W. W., Science, 106, 544 (1947). 

§ Van Slyke, D. D., MacFadyen, D. A., and Hamilton, P., J. Biol. Chem., 141, 671 
(1941). 
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is incorporated into the proteins of surviving rat liver slices during incy- 
bation of the slices in Warburg vessels in a Krebs-Ringer-phosphate me. 
dium to which is added tagged pt-alanine. Little or no incorporation 
occurs if the incubation is carried out in an atmosphere of nitrogen. 

In the present work, it has been found that addition of dinitropheno| 
(DNP) to the above system inhibits the incorporation of alanine into pro- 
tein in both normal and tumor tissue, while permitting oxygen consumption 
to continue. The suggestion emerges that synthesis of alanine peptide 
bonds depends on a source of energy-rich phosphate donors. 

In higher concentrations (1 X 10-* and 5 X 10~* m) the DNP had an in- 
hibitory effect on respiration in the hepatoma slices, but little or none in 
the normal liver slices. 

A higher rate of incorporation of alanine into hepatoma protein than into 
normal liver protein was found, under conditions of the slice experiments, 
This latter finding will be discussed at greater length in a future communi- 
cation. 
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